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Mycobacterium avium subsp. hominissuis (MAH) is a pervasive environmental 

bacterium that can cause opportunistic infections in humans.  Among the most robust 

and hardy members of the Mycobacterium genus, M. avium can persist and thrive in 

a range of challenging environments, including many which place it in direct contact 

with humans.  Surface-exposed proteins are central to the bacterial processes 

involved in both environmental persistence and pathogenesis.  These proteins also 

play a critical role in how the immune system of the host recognizes and responds to 

pathogens.  Mycobacteria have evolved a specialized mechanism for protein export, 

a Type VII Secretion System (T7SS), in order to transport their proteins through 

their thick and impermeable cell envelope.  This system is responsible for the export 

of several classes of proteins, many of which play an integral role in virulence.  A 

central focus of this dissertation is the characterization of a conserved element of the 

T7SSs in pathogenic mycobacteria, a PPE family protein, whose deletion attenuates 

virulence in M. avium.  Specifically, we examined the localization of this PPE 

protein (MAV_2928) within the bacterium, screened potential protein-protein 

interactions with other conserved elements in the adjacent T7SS loci and analyzed 

the transcriptional regulation of the gene in response to environmental changes.  



 

Seeking to more thoroughly characterize the surface-exposed proteome of M. avium, 

particularly in the context of early infection, we then developed a method, based on 

selective biotinylation and affinity purification, to profile the of surface-exposed 

proteome of the bacterium.  We employed this method to analyze the surface-

exposed proteomes of M. avium 109 that had been exposed to macrophages to those 

of M. avium 109 that had been cultured in media.  This comparison detected several 

proteins whose presence at the bacterial surface appeared to be dependent on 

particular growth conditions.  Lastly, in order to establish a more efficient method to 

isolate biotinylated surface proteins from complex mixtures, we developed a testing 

paradigm to identify modifications to the original method that might improve our 

coverage of identified proteins.  Through this process, we developed a more robust 

methodology that yielded improved coverage and depth.  We then utilized this 

technology to profile the surface-exposed proteome of another clinical isolate of M. 

avium subsp. hominissuis, M. avium 104.  Beyond improving our understanding of 

the basic biology of M. avium, this new data provides independent evidence that PPE 

family proteins are indeed exported to the surface of M. avium, where they remain 

associated with the bacterial cell envelope.  In total, this analysis represents the most 

comprehensive profile of the surface-exposed proteins of M. avium generated to date. 

 

  



 

 

 

 

 

 

 

 

 

 

 

©Copyright by Michael J. McNamara 

March 14, 2012 

All Rights Reserved 

 

 

 

  



 

 

 

Surface-Exposed Proteins in the Pathogenesis of  

Mycobacterium avium subsp. hominissuis 

 

 

by 

Michael J. McNamara 

 

 

 

A DISSERTATION 

 

submitted to 

 

Oregon State University 

 

 

in partial fulfillment of 

the requirements for the 

degree of 

 

Doctor of Philosophy 

 

 

Presented March 14, 2012 

Commencement June 2012 

 

  



 

Doctor of Philosophy dissertation of Michael J. McNamara presented on  

March 14, 2012. 

 

APPROVED: 

 

___________________________________________________________ 

Major Professor, representing Molecular and Cellular Biology 

 

 

___________________________________________________________ 

Director of the Molecular and Cellular Biology Program 

 

 

___________________________________________________________ 

Dean of the Graduate School 

 

 

I understand that my dissertation will become part of the permanent collection of 

Oregon State University libraries.  My signature below authorizes release of my 

dissertation to any reader upon request. 

 

 

___________________________________________________________ 

   Michael J. McNamara, Author 

 

  



 

ACKNOWLEDGEMENTS 

 

I would like to thank Dr. Luiz Bermudez for providing me with the opportunity to 

complete my degree in his laboratory in the Department of Biomedical Science at 

Oregon State University.  The support and direction provided by Dr. Bermudez has 

been essential for my growth as a scientist.  I would also like to thank the members 

of my committee, Dan Rockey, Ling Jin, John Mata and Jerry Heidel. 

 

I would also like to acknowledge the members of the Bermudez laboratory team, 

with whom I have worked closely over the course of my time at OSU:  Lia 

Danelishvili, Julie Early, Melanie Harriff, Sasha Rose, Lmar Babrak, Jamie 

Everman, Laura Meek, Kerrigan Gilbert, Nick Milani, Sandra Sommer, Brendan 

Jeffries and more.  In addition, I would like to tip my hat to the undergraduate 

researchers who contributed to the research along the way.  These undergraduates 

include:  Alex Nguyen, Chris Moser, Mukhdip Singh, Jeff Wagner and Ian Hilgart. 

 

It is also important that I acknowledge Denny Weber, who has been absolutely 

essential to my success here at OSU.  From properly formatting my manuscripts, to 

making sure that I remember my meetings, Denny has been invaluable part of this 

process.  In the same spirit, a tip of the hat to Gail, Rosa and Jayne.   

 

Last, but of course not least, I would like to thank my accommodating wife and 

family for their support in my quest to become a professional student.   

  



 

CONTRIBUTION OF AUTHORS 

 

Chapter 2:  Luiz Bermudez assisted with experimental design.  Lia Danelishvili 

assisted with construction of vectors, genetic transformation of M. avium and 

fluorescent microscopy of M. avium. 

Chapter 3:  Shin-Cheng Tzeng performed mass spectrometric analysis of peptide 

samples and created the reference the database for M. avium.  Shin-Cheng Tzeng, Li 

Zhang, Claudia Maier and Luiz Bermudez assisted with experimental design. 

Chapter 4: Shin-Cheng Tzeng performed mass spectrometric analysis of peptide 

samples and created the reference the database for M. avium.  Shin-Cheng Tzeng, 

Claudia Maier and Luiz Bermudez assisted with experimental design. 

 



TABLE OF CONTENTS 

Page 

1.  INTRODUCTION…………....….………… ……………………………………………1 

 

1.1 The Genus Mycobacterium ................................................................................. 1 

1.2 The Mycobacterial Genome ................................................................................ 2 

1.3 A Brief History of Mycobacterial Disease ......................................................... 3 

1.4 The Cell Envelope of Mycobacterium ............................................................... 4 

1.5 Mycobacterial Persistence in the Environment ................................................. 6 

1.6 Epidemiology of MAC Bacteria ......................................................................... 6 

1.7 Clinical Presentation of MAC Infection............................................................. 9 

1.8 Diagnosis and Treatment of MAC Infection ..................................................... 9 

1.9 Host Colonization Strategies of MAC Bacteria ............................................... 10 

1.10 MAC and Modulation of the Host Response ................................................... 12 

1.11 Pathogenic Phenotype of MAC ........................................................................ 13 

1.13 Protein Export in MAC ..................................................................................... 14 

1.14 Function and Structure of T7SS in MAC ......................................................... 16 

1.15 PE and PPE Family Proteins ............................................................................. 19 

1.16 WXG100 Family Proteins ................................................................................. 22 

1.17 The Role of PE/PPE and WXG100 Proteins in Pathogenesis ........................ 24 

1.18 Exported Mycobacterial Proteins as Immunogenic Targets ........................... 26 

1.19 Analysis of Surface-Exposed and Secreted Proteins ....................................... 28 

1.20 Scope of Thesis .................................................................................................. 29 



 

TABLE OF CONTENTS (Continued) 

Page 

 

2.1 Abstract .............................................................................................................. 32 

2.2 Introduction ........................................................................................................ 33 

2.3 Materials and Methods ...................................................................................... 35 

2.4 Results ................................................................................................................ 42 

2.5  Discussion .......................................................................................................... 52 

2.6  Acknowledgements ........................................................................................... 57 

2.7 References .......................................................................................................... 58 

 

3.1  Abstract .............................................................................................................. 64 

3.2  Introduction ........................................................................................................ 65 

3.3  Materials and Methods ...................................................................................... 67 

3.4 Results ................................................................................................................ 72 

3.5 Discussion .......................................................................................................... 81 

3.6  Acknowledgments ............................................................................................. 86 

3.7 References .......................................................................................................... 87 

 

2. The Mycobacterium avium ESX-5 PPE protein, PPE25-MAV, 

     Interacts with an ESAT-6 Family Protein, MAV_2921, and 

     Localizes to the Bacterial Surface ...................................................................... 31 

 

3. The Surface Proteome of Mycobacterium avium subsp. hominissuis 

    During Early Stages of Macrophage Infection .................................................... 63 



 

 

4.1 Abstract .................................................................................................... 100 

4.2 Introduction ...................................................................................................... 101 

4.3 Materials and Methods ............................................................................. 105 

4.4 Results ..................................................................................................... 109 

4.5 Concluding Remarks ................................................................................ 115 

4.6 References ................................................................................................ 117 

 

Appendix 1.  Novel Methods ............................................................................ 151 

Appendix 1.1  Extraction and purification of RNA from MAC ..................... 151 

Appendix 1.2  Protocol for RNA purification from MAC .............................. 152 

Appendix 1.3  Towards a universal surface proteomics method                               

for prokaryotic and eukaryotic cells .............................................................. 158 

Appendix 1.4  Universal Surface Proteomics Method ................................... 159 

 

Appendix 2.  Supplemental Data ............................................................................. 164 

TABLE OF CONTENTS (Continued) 

Page 

4. Streamlined Surface Proteomics in Mycobacteria: Biotinylation, 

    Affinity Purification and Shotgun Proteomics .................................................... 99 

 

DISCUSSION ...................................................................................................... 120 

 

BIBLIOGRAPHY ................................................................................................ 130 

 

APPENDICES ..................................................................................................... 150 



 

TABLE OF CONTENTS (Continued) 

                                                                                                                         Page 

Appendix 2.1  Chapter 2 Supplemental Informtaion ...................................... 164 

Appendix 2.2  Chapter 3 Supplemental Information ...................................... 166 

Appendix 2.3  Chapter 4 Supplemental Information ...................................... 182 

Appendix 3.  Abstracts of Additional Publications 

       Appendix 3.1  Abstract of Harriff, et al………………………….……………188 

       Appendix 3.2  Abstract of Danelishvili, et al…………………………………190 

 

 



LIST OF FIGURES 

Figure                                                                                                                      Page 

1.1 Cladogram illustrating the evolutionary relationship between  

selected mycobacterial species…………………………………………..…2 

 

1.2 The cell wall of Mycobacterium……………………………………………5 

1.3 Mycobacterial biofilm formation on mucosal tissue……………………….7 

1.4 Genetic and functional organization of the Type Seven 

Secretion System (T7SS)………………………………………………….17 

 

1.5 Crystal structure of PPE/PE and WXG100 family 

heterodimers……………………………………………….………………21 

 

2.1 Interaction between PPE25-MAV and MAV_2921 in 

mycobacterial 2-hybrid system……………………………………………44 

 

2.2 Cell fractionation indicating that PPE25-MAV is primarily 

found in the insoluble fraction of M. smegmatis……………………… ….46 

 

2.3 Localization of PPE25-MAV to the surface of the 

mycobacterial cell envelope…….………………………………………....47 

 

2.4 PPE25-MAV, MAV_2927 and MAV_2926 are organized 

in a poly-cistronic operon……………………………………………..…..49 

 

2.5 Real-Time PCR analysis of PPE25-MAV and MAV_2926 

expression in response to different culture conditions…….………………51 

 

3.1 Biotinylation patterns of M. avium proteins separated by 

solubility……………...…………………………………………………...74 

 

3.2 Functional grouping and inter-study cross-referencing of 

identified surface-exposed proteins……………………………………….76 

 

 



 

LIST OF FIGURES (Continued) 

 

Figure                                                                                                                     Page 

 

3.3 Comparison of biotinylation profiles from all experimental 

samples……………………………………………………………………79 

 

4.1 Comparison biotinylated protein extracted by experimental 

Extraction/binding buffers…………………………………………….....111 

 

4.2 Venn diagrams comparing proteins identified from  

competing experimental conditions...……………………………………113 

 

5.1 Evolution of the variable region of the ESX-5 Loci……………………..120 

 

5.2 Circular phylogram of the PPE family genes that are  

adjacent to the ESX-5 region of M. tuberculosis, MAP 

and MAH..….…….………………………………………………………123 

 

6.1 Absorbance curve (Nanodrop) illustrating the expected 

shape of a quality RNA sample…………………………………………..154 

 

6.2 Effect of RNA concentration on visualization by TAE 

gel (1%) electrophoresis.…………………………………………………156 

 

6.3 Anti-biotin western blot of whole cell lysates from human 

cell line (PC-3) exposed to experimental treatments for 48 hours 

and subsequently labeled with Sulfo-NHS-LC-Biotin…….…………….161 

 

6.4 Visualization of eukaryotic proteins captured on  

streptavidin-Dynabeads……….………….……………………………...162 

 

6.5 Vector maps of base plasmids used in chapter three………………….…173 

 

 



LIST OF TABLES 

Table                                                                                                                       Page 

2.1 Summary of interactions from the PPE25-MAV 2-Hybrid 

screen against components of the ESX-5 region of M. avium………….…62 

 

3.1 Consistently expressed surface-exposed proteins detected 

in M. avium 109…………………………………….……………………..93 

 

3.2 M. avium 109 surface-exposed proteins differentially 

 expressed in response to contact with macrophages………………………95 

 

3.3 Proteins differentially expressed between macrophage 

exposed  bacteria (phagocytosed vs un-phagocytosed M. avium).………..97 

 

5.1 ESX-5 associated proteins identified in Chapter 4…………………...….126 

 

6.1 Chapter 2 Supplemental Table 1…………………………………………164 

6.2 Chapter 2 Supplemental Table 2………………………………………....166 

6.3 Chapter 2 Supplemental Table 3…………………………………………169 

6.4 Chapter 2 Supplemental Table 4……………………………………...….170 

6.5 Chapter 2 Supplemental Table 5…………………………………………171 

6.6 Chapter 2 Supplemental Table 6…………………………………...…….172 

6.7 Chapter 3 Supplemental Table 1…………………………………………174 

6.8 Chapter 4 Supplemental Table 1…………………………………...…….182 

 

 



 1 

Chapter 1.  Introduction 

1.1  The Genus Mycobacterium 

A subset of the class Actinomycetes, the genus Mycobacterium is composed of over 

100 recognized species.  Mycobacteria can be isolated from a diverse range of 

environments, and the genus includes both pathogenic and non-pathogenic species. 

Named after the mycolic acid that is a central component of their unique cell wall, 

mycobacteria are aerobic, acid-fast, non-motile bacilli.  The cell wall of 

mycobacteria is unusually thick and waxy, which helps the bacterium to tolerate the 

challenges of toxic molecules and harsh environmental conditions.  Mycobacteria are 

broadly classified into two groups, slow and fast growing strains, based on their 

growth rate in the laboratory.  Generally speaking, fast growing mycobacteria are 

classified as those that form visible colonies in less than 7 days, in standard 

laboratory culture conditions.  Most pathogenic mycobacteria reside in the slow 

growing classification.   

Apart from Mycobacterium tuberculosis, the best known mycobacterial 

pathogens are likely Mycobacterium leprae, which causes leprosy and 

Mycobacterium ulcerans, the causative agent of Buruli ulcer.  There are several 

additional species of pathogenic mycobacteria that primarily cause disease in 

animals, such as Mycobacterium bovis, which causes disease in cattle and other 

ruminants, and Mycobacterium marinum, which causes infections in susceptible fish 

(and humans)  [1, 2].  Another important group of pathogenic mycobacteria are the 

cluster of closely related species that make up the Mycobacterium avium complex 

(MAC)  [3, 4].  The MAC is composed of multiple Mycobacterium avium 

subspecies, including M. avium subsp. avium (MAA), M. avium subsp. 

paratuberculosis (MAP), M. avium subsp. silvaticum (MAS) and M. avium subsp. 

hominissuis (MAH).  Although these bacteria are highly similar to one another on a 

gross genetic level, nearly 95% of their genes have high degrees of identity, they 

have significant phenotypic differences (Figure 1.1).  Foremost among these 
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differences are host specificity, with the virulence of each strain varying markedly 

between hosts [5].   

 

Figure 1.1  Cladogram illustrating the evolutionary relationship between selected 

mycobacterial species.  Positions are based on homology of DNA polymerase I 

proteins. [6] 

  

An additional differentiating feature between MAC strains is their growth rate, with 

cultures of MAH having generational times approximately half that of MAP (12 h vs 

24 h).  Cultures of MAP also require the addition of Mycobactin J (an iron 

siderophore) for efficient growth, whereas other MAC strains, such as MAH and 

MAA, do not require this supplement.   

 

1.2  The Mycobacterial Genome 

The genomes of mycobacteria have unusually high cytosine and guanine content, 

which generally accounts for 60-70% of the genetic code [7].  Mycobacterial 

genomes tend to be of moderate size with respect to other bacteria, ranging in size 

from 3.3 Mbp (M. leprae) to 7 Mbp (M. smegmatis). Members of the MAC group 

tend to have genome sizes in the middle of this range, approximately 5 million base 
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pairs.  In mycobacteria, genome size tends to be inversely correlated with virulence: 

Pathogenic mycobacteria tend to have smaller genomes than their saprophytic 

relatives, possibly a byproduct of their more restrictive ecological niches [8].  

Genomic comparisons have revealed that most pathogenic mycobacteria belong to a 

single evolutionary lineage that emerged from saprophytic mycobacteria (Figure 1.1) 

[9].   

Despite their reduced genome sizes, pathogenic mycobacteria have several 

genomic elements have been duplicated and diversified, while homologous systems 

remain undeveloped in non-pathogenic mycobacteria [10].  Among these genetic 

changes, the most prominent is likely the mycobacterial Type VII Secretion System 

(T7SS), a unique protein export system that plays a central role in pathogenesis [11-

13]. 

 

1.3  A Brief History of Mycobacterial Disease 

Two types of mycobacterial infection, tuberculosis and leprosy, have been 

pestilences upon humanity since before the beginning of recorded history.  M. 

tuberculosis is the causative agent of the lung disease tuberculosis, and M. leprae is 

responsible for a granulatomous disease of the skin, peripheral nerves and mucosal 

lining.  Both diseases are represented heavily in ancient medical texts from the Greek 

and Roman empires [14].  The oldest scientific evidence of mycobacterial disease in 

humans stems from signs of tuberculosis found in Egyptian mummies [14].  DNA 

from M. leprae has also been recovered from human bones that date to that period 

[15].  Evidence of tuberculosis in the Americas in the pre-Mayan period suggests 

that the disease may have travelled with humans during their migration from Asia to 

the Americas [16].  While other mycobacterial diseases were less well described 

historically, they have also had a major impact on many populations.  Non-

tuberculosis mycobacteria (NTM) cause a range of infections in both animals and 

humans.  M. marinum causes a tuberculosis-like disease in fish, and also causes a 

granulatomous skin disease in people who handle fish [2].  An important class of 
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NTM are the members of the Mycobacterium avium Complex (MAC), a group of 

closely related bacteria that are adapted to survive in both pathogenic and 

environmental conditions.  MAC infection was first described as a tuberculosis-like 

disease in chickens around 1868 in England.  The first description of a MAC 

bacterium was reported in 1895 by two German scientists, Johne and Frotingham, 

who isolated M. avium subsp. paratuberculosis (MAP) from a granuloma they 

discovered in the intestines of an infected cow [17].  As a result of this discovery, 

MAP infection in livestock is commonly referred to as Johne’s Disease.  MAP has 

also been implicated as a causative agent in Crohn’s Disease, a chronic inflammatory 

bowel disease in humans [18].  MAC disease in humans was first reported around 

1933, and conclusively identified and described around 1943, when it was isolated 

from the sputum of an infected patient [19].  In the subsequent years, numerous 

additional cases of MAC infections have been identified in humans.  While MAC 

infection has long been a serious problem for the livestock industry, MAC infections 

in humans have only recently garnered significant attention, an unfortunate 

consequence of their role as a major source of hospital acquired infection and 

mortality during the HIV/AIDS epidemic of the late 20
th
 century [20].   

 

1.4  The Cell Envelope of Mycobacterium  

The unique cell envelope of the Mycobacterium genus species differentiates it from 

all other bacteria.  The mycobacterial cell envelope is a thick and robust structure 

that is defined by its high lipid content, which accounts for approximately 40% of its 

dry weight.  The cell envelope of Mycobacterium is acid-fast, but is poorly amenable 

to Gram staining [21].  The cell envelope of Mycobacterium is composed of four 

structural layers: An outer capsule, a mycomembrane, a periplasm-like space and a 

cytoplasmic membrane [22, 23].  The dominant structure in the cell envelope is the 

mycomembrane, which is a cell wall whose base scaffold is composed of covalently 

cross-linked arabinogalactan, peptidoglycan and mycolic acids (Figure 1.2) [24].  

Mycolic acids are large, branched-chained fatty acids that are unique to 
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mycobacteria.   The covalent linkage of these molecules with arabinogalactan and 

peptidoglycan results in a structure that is thick, hydrophobic, durable, and has 

extremely low fluidity [25, 26].  Distributed within this structure are proteins and a 

variety of free lipids and polysaccharides which are not covalently attached, such as 

phthiocerol dimycocerosates, dimycolyltrehalose, phosphatidylinositol mannosides 

and phenolic glycolipids [27].   

 

Figure 1.2 The cell wall of Mycobacterium.  A.  Illustration of the cross-linked 

elements that comprise the core scaffold of the mycobacterial cell wall.  Alsteens, et 

al.  [23].  B.  Illustration highlighting the major structural layers of the mycobacterial 

cell wall.  Abdallah, et al.  [11].    

The outer capsule of mycobacteria is a bilayer structure that is largely composed of 

free lipids, polysaccharides (arabinomannan and glucan) and proteins (Figure 1.2B) 

[24].  The outer capsule is moderately unstable and can be disrupted with mild 

detergents or vigorous agitation.   Components associated with the outer capsule, 

including lipids and proteins, are shed into the growth media during in-vitro culture 

and into host cells following phagocytosis [28, 29].  The combination of the outer 

membrane and the mycomembrane forms a hydrophobic cellular envelope that 

confers resistance to a range of toxic solutes, including many antibiotics [30].  The 

existence of a periplasmic space in mycobacteria has been debated, but recent 

evidence suggests that it is indeed present [22].   
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1.5  Mycobacterial Persistence in the Environment 

The complex envelope and its associated adhesion molecules serve as an anchor that 

enables mycobacteria to adhere to a range of surfaces and persist in hostile 

environments for extended periods of time.  As a result, a diversity of ecological 

niches, in both water and soil environments, are often colonized by mycobacteria 

[31-33].  Because of their unique physiology, environmental mycobacteria are able 

to flourish in harsh environments, such as those with acidic conditions, low oxygen 

pressure or high salt concentrations [34].  In addition to the intrinsic resilience of the 

cell envelope, several species of mycobacteria are known to produce robust biofilms 

[35-38].  In several of these species, the formation of biofilm appears to protect the 

bacterium from challenge with antibiotics and other potentially toxic compounds 

[39-41].   

Biofilm formation by mycobacterial species also poses a significant human 

health risk and biofilms are a major source of opportunistic mycobacterial infection 

in humans [19].  For example, MAC bacteria have been isolated from water supply 

systems in both industrial and residential environments [33, 42, 43].  In addition to 

aiding bacterial persistence and resistance to antibacterial compounds, research has 

indicated that biofilm formation may accentuate virulence in some mycobacterial 

species [35, 44, 45].  A mutagenesis study of biofilm formation in MAH found that 

mutants that are deficient in their ability to form biofilms are also impaired in their 

ability to infect host epithelial cells, suggesting that these processes may utilize a 

shared mechanism [46].  In medical contexts, mycobacterial biofilms can be 

dangerous contaminants and have been observed growing in hospital patients on 

surgically implanted structures, such as stents and catheters [47].   

 

1.6  Epidemiology of MAC Bacteria 

Members of the MAC are ubiquitous in the environment, where they persist in both 

soil and water, but they rarely cause serious disease in healthy individuals.  

However, they are highly effective opportunistic pathogens that can establish 
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serious, life-threatening infections in immune-compromised individuals.  These 

properties led to MAC infection becoming one of the leading causes of mortality for 

HIV/AIDS patients in the United States, prior to the advent of highly active 

retroviral therapies [48].  While the healthy immune system is generally effective at 

mustering a robust adaptive immune response to MAC infection, the depletion of  

 

Figure 1.3 Mycobacterial biofilm formation on mucosal tissue.  A. MAC adhering to 

bronchial tissue after incubation for 14 days. Large arrow - unciliated mucosa.  Small 

arrow - MAC biofilm.  Large arrowhead - extruded epithelial cell.  Small arrowhead 

- extracellular matrix.  B. Mean number of M. avium complex (MAC), M. 

tuberculosis (TB), and M. smegmatis (SM) adhering to the mucosal surface 

(scanning electron microscopy (SEM); bacteria/mm2) or recovered from macerated 

tissue (macerate; cfu/μl) following incubation for 15 minutes, 3 hours, 24 hours, 7 

days and 14 days (from left to right).  Middleton, et al.  [49]. 
 

CD4+ T cells that accompanies advanced HIV/AIDS severely diminishes the ability 

of the immune system to control this bacterium.  Epidemiological studies have 

demonstrated that the risk of MAC infection is inversely related to CD4+ levels, with 

susceptibility dramatically increasing when CD4+ T cell counts have fallen below a 

threshold of 50 cells/µl of blood [50].  Like other mycobacteria, MAC infections 

tend to exhibit high levels of endogenous antibiotic resistance, making treatment 

challenging [51].  The primary sources of MAC infection are thought to be 

associated with exposure to contaminated water or soil.  Several studies have 

identified MAC in residential, municipal and industrial water supply systems [52].  
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Additionally, several studies have identified the source of MAC outbreaks in 

populations of hospital patients as the water supply at the hospital where they were 

being treated [43, 53-55].  Prior to the emergence of HIV/AIDS, most MAC 

infections were associated with occupations with exposure to aerosolized dirt, such 

as mining and sandblasting [56].  An Australian study identified MAC in 

approximately half of the soil samples it analyzed from residential gardens [57].  

This study also found that the majority of the MAC organisms identified in their tests 

were serotypic matches to clinical isolates from human infections.  A study (based 

on skin reactivity to an extract of MAC) of the geographic distribution of MAC 

exposure in the United States indicated that the highest levels of MAC exposure 

occurred in the South Eastern United States, although very few of the positive tests 

were associated with clinical disease [58].  

Two members of the MAC are responsible for most infections observed in 

animals, M. avium  subsp. paratuberculosis (MAP) and M. avium subsp. avium 

(MAA).  MAP is capable of infecting a wide range of ruminants, both domesticated 

(cattle, goats, sheep) and wild (deer, bison) [59].  Epidemiological surveys have 

indicated that natural reservoirs of MAP may exist in a range of wild species, 

including wild boar, foxes, weasels, raccoons, armadillos, badgers and others [60-

62].  MAP infection is a widespread and serious problem in the animal husbandry 

industry, particularly in the dairy industry.  A 2005 study estimated the annual cost 

of MAP disease to the United States dairy industry to be approximately $200 million 

per year [63].  Surveys of dairy herds have indicated that MAP infection is present in 

over half of the herds in the United States, and around 25% of herds in the EU and 

Australia [64].   

Like the broad host range of MAP, MAA causes infection in a wide range of 

domestic and wild bird species, including ducks, chickens, sparrows, partridges and 

many others [65].   It is a major source of infectious mortality in some wild bird 

populations, although modern poultry farming techniques have limited the impact of 

MAA on the commercial poultry industry in developed countries [66].     
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1.7  Clinical Presentation of MAC Infection 

Chronic lung infections caused by MAC are among the most common type of non-

tuberculosis mycobacterial disease worldwide [67].  In individuals with a healthy 

immune system, MAC infection usually presents as localized inflammation, often 

affecting the lungs.  There are three common presentations of localized MAC 

infection: Cervical lymphadenitis (primary presentation in children), progressive 

cavitary lung disease (primary presentation in men), and bronchiectasis (primary 

presentation in women) [68].  Although many individuals who are diagnosed with 

MAC infection appear to have a healthy immune system, further investigation often 

reveals the presence of a concurrent secondary infection or physiological deformity.  

In stark contrast to patients with healthy immune systems, immune-compromised 

patients are much more likely to present with disseminated MAC infection [48].  In 

cases of disseminated infection, large numbers of MAC bacteria can often be found 

in the spleen, liver, lungs, lymph nodes, kidneys, intestines and bone marrow [69].   

MAP has been isolated from intestinal biopsies of several patients with 

Crohn’s Disease, where it is associated with severe inflammation that primarily 

affects the lower regions of the small intestines and colon [70, 71].  However, the 

question of whether MAP is the causative agent of Crohn’s Disease, or simply a 

symptom, remains the subject of debate.  In ruminants, MAP infection commonly 

presents as a generalized wasting disease associated with diarrhea, decreased weight 

gain and reduced milk output.  In most infected animals, the bacterial infection is 

primarily localized in the intestinal tract, although live bacteria may also be present 

in the milk and other fluids of infected animals [64].     

 

1.8  Diagnosis and Treatment of MAC Infection 

Previous exposure to MAC can be demonstrated through skin-reactivity testing, 

which is nearly identical to standard exposure testing used for M. tuberculosis.  
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However, the similarity between MAC species, and high levels of environmental 

exposure, limit the usefulness of this kind of testing.  In-depth analysis is usually 

performed by sample culture (sputum, blood, etc) and serological testing, although 

the latter is increasingly being replaced by more specific genetic tests [72].  Because 

of the high intrinsic resistance of the MAC family of bacteria to most antibiotics, 

treatment is challenging and generally requires the use of a combinatorial antibiotic 

regimen.  Most strains of MAC bacteria are at least somewhat susceptible to 

macrolides (clarithromycin and azithromycin), quinolones (ciprofloxacin, 

sparfloxacin and moxifloxacin), aminoglycosides (amikacin and kanamycin), 

rifamycins (rifampin and rifabutin), ethionamide, ethambutol, clofazimine and 

cycloserine [73].  Although there is no universally accepted standard of care for 

MAC infection, the most common treatments involve a drug combination that 

includes a macrolide, a rifamycin, ethambutol, and more recently, a quinolone 

antibiotic [72]. 

In many cases, the prohibitive cost of long-term antibiotic treatment of MAC 

infection in animals means that the primary method of treatment is the removal of 

infected individuals [63].  However, the difficulty in detecting sub-clinical cases of 

MAC infection makes it challenging to remove the disease from an infected 

population.  Accordingly, a large share of research related to MAC infection in 

animals focuses on developing and improving systems to identify sub-clinical 

infections.  Despite extensive efforts, protective vaccines for MAC infection (and M. 

tuberculosis)  have remained elusive.   

 

1.9  Host Colonization Strategies of MAC Bacteria  

Infections with MAC bacteria generally originate in the lungs and intestinal tract, the 

result of the inhalation or ingestion of contaminated material.  In the case of 

intestinal infection, pathogenesis is facilitated by the sturdy bacterial cell envelope, 

which protects the bacterium as it passes through the harsh environment of the 

stomach.  Upon arriving in the intestinal tract, MAC bacteria adhere to the intestinal 
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epithelium and begin an active invasion process [74-76].  While this process is not 

fully understood, multiple studies have indicated that fibronectin attachment proteins 

(FAPs), which most mycobacteria express on their surface, play an important role in 

adhesion [77-80].  Studies analyzing the role of these proteins in MAP pathogenesis 

have indicated that these proteins are essential for bacterial adhesion to the intestinal 

epithelium, and subsequent invasion of host M cells [81, 82].  Fibronectin attachment 

proteins bind tightly to fibronectin, a large glycoprotein that is a major structural 

component of the extra-cellular matrix that surrounds certain types of cells and 

tissue.   

Uptake of mycobacteria by host cells appears to occur through at least two 

processes, phagocytosis and macropinocytosis, and is mediated by a range of 

receptor-dependent factors including, the complement system, mannose, surfactants 

and fibronectin [78, 83-85].  Following attachment, MAC bacteria initiate a process 

of invasion that involves the induction of cytoskeleton remodeling in the targeted 

host cells [75].  Research has indicated that the invasion profiles of MAH and MAP 

may deviate at this point, with MAH primarily targeting enterocytes for invasion, 

while MAP preferentially invades through M cells, specialized immune surveillance 

cells that are generally found in Peyer’s patches [81, 86-88].  Despite these apparent 

preferences, it seems likely that there is at least some overlap in the invasion 

strategies employed by different MAC species.  Once MAC has entered epithelial 

cells, it can translocate through the basement membrane and into sentinel 

macrophages and dendritic cells [88].  This process can lead to the transport of 

bacteria into the lymphatic system, and may ultimately to lead to systemic 

dissemination, although this rarely occurs in immune-competent individuals.  At the 

same time, some MAC species (primarily MAP) can establish chronic inflammatory 

infections of the intestinal epithelium.  This type of chronic infection is thought to be 

one of the primary causes of the Crohn’s Disease, an inflammatory bowel disorder 

[18].  Over time, the chronic inflammation caused by MAP colonization can lead to 
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thickening of the intestinal wall, narrowing of the lumen and ulceration of the 

mucosa and underlying tissue.   

Colonization of the lung follows a pattern similar to that of intestinal 

infection, with the bacterium first adhering to the bronchial epithelium by a 

mechanism that likely requires fibronectin binding [77]. Following adhesion, MAC 

bacteria form biofilms, and begin to proliferate, on the mucosal surface of the 

respiratory tract (Figure 1.3) [49].  In addition to forming biofilms, MAC bacteria 

will also actively enter alveolar epithelial cells and resident macrophages [86, 89, 

90].  The colonization of the respiratory tract is facilitated by pre-existing tissue 

damage and immune dysfunction, which likely explains the higher rates of 

respiratory MAC infections observed in patients with chronic respiratory tract 

diseases like cystic fibrosis [72].    

 

1.10  MAC and Modulation of the Host Response 

In the host, MAC bacteria primarily survive and replicate inside of modified 

vacuoles in phagocytic cells, such as macrophages, monocytes and dendritic cells 

[84].  MAC bacteria are readily engulfed by host macrophages, but through 

mechanisms that are not yet fully defined, MAC bacteria are able to arrest the normal 

development of the phagosome [91, 92].  After phagocytosis, MAC species can 

survive the initial influx of reactive oxygen and nitrogen species into the phagosomal 

compartment, but inhibit further maturation of the vacuole [92].  Phagosomes 

containing pathogenic mycobacteria are prevented from fully acidifying by a 

mechanism that prevents the vacuolar ATPase from docking to the phagosomal 

membrane [93].  This failure to acidify also inhibits the activity of many of the pH 

dependent antibacterial and digestive enzymes that may be present in the phagosome 

[91, 94].  Phagosomes harboring MAC acquire early endosomal markers, such as 

Rab5 and EEA-1, but fail to acquire mature endosomal markers, such as LAMP-1 

and Rab7 [11, 94-96].  These disruptions also prevent the fusion of lysosomes with 

the MAC-containing phagosome [97].   
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An important difference between M. tuberculosis and MAC is the mechanism 

of bacterial escape from infected cells.  Whereas M. tuberculosis secretes effectors 

that inhibit infected cells from undergoing apoptosis, MAC bacteria do not appear to 

actively inhibit apoptosis [98, 99].  Several of the factors involved in this process are 

believed to be encoded by a conserved loci (ESX-1) that is present in most 

pathogenic mycobacteria, but absent in MAC [13, 100].  These factors may also 

allow M. tuberculosis to escape from the vacuole and into the cytoplasm, where it 

initiates a response that leads to necrosis of the host cell [101, 102].   In contrast, 

while MAC bacteria do not appear to prevent apoptosis, but they are able to escape 

apoptotic cells [98, 103].  Most pathogenic mycobacteria appear to be capable of 

exporting lytic proteins to the extra-cellular environment that can disrupt both the 

phagosomal and cellular membranes of host cells [100, 101, 104, 105].   

 

1.11  Pathogenic Phenotype of MAC 

Unlike M. tuberculosis, which grows poorly outside of the host, MAC are capable 

environmental bacteria.  This capacity to persist in at least two very different 

environments has lead to the speculation that MAC may have hypo- and hyper- 

pathogenic phenotypes which stem from epigenetic changes that are involved in 

optimizing growth for particular conditions.  This hypothesis is supported by studies 

that indicate that MAH that have been passaged through host cells, or exposed to 

other conditions simulating those found in the host, have increased invasion and 

survival efficiencies than MAH cultured in standard laboratory conditions [106-111].  

Further studies have highlighted several additional growth conditions which may 

lead to hyper- and hypo- virulent phenotypes, presumably through epigenetic and 

structural modifications [112-114]. 

Many genes that are shared between pathogenic mycobacteria, and several 

that are unique to MAC, have been identified as essential for invasion and/or intra-

cellular survival.  Represented within this group are a range of genes that are 

involved in cell wall biogenesis and lipid metabolism, many of which are essential 
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for the construction and maintenance of the bacterial cell envelope [115-117].  

Proteins that are believed to be important for attachment and invasion are also 

frequently identified as virulence factors [117-119].  Additionally, transcriptional 

analyses of intracellular MAC, and other pathogenic mycobacteria, have identified 

several clusters of up-regulated metabolism-associated genes, which may play a role 

in the adaptation of the bacterium to the nutrient sources present in the phagosomal 

environment [120-123].  Overall, a significant proportion of mycobacterial genes 

that have been identified as virulence determinants are expected to be exported from 

the bacterial cytoplasm to the mycomembrane, bacterial surface and/or extra-cellular 

environment, enabling them to interact directly with host molecules [11, 78, 115, 

122, 124, 125]. 

 

1.13  Protein Export in MAC 

Protein export in mycobacteria is thought to be primarily accomplished by three 

secretion systems: Sec-dependent, TAT-dependent and a unique Type VII Secretion 

System (T7SS) [126].   While the first two protein transport systems are well-studied 

in model organisms like Escherichia coli, their role in the physiology and 

pathogenesis of mycobacteria remains poorly understood.  Despite the presence of 

mycobacterial orthologs to the core components of these systems, the evolutionary 

distance between the ancestral and mycobacterial systems leaves considerable room 

for variation.  Mycobacteria have also evolved a unique secretion system, a T7SS, 

which is both extensively duplicated and highly specialized in the genomes of 

pathogenic species [11, 13].   

Extensive research characterizing the Sec-dependent pathway in E. coli has 

demonstrated that this system is responsible for transporting a broad range of un-

folded precursor proteins that contain a conserved N-terminal signal sequence (S/T-

R-R-X-F-L-K) [127]. In E. coli, protein export requires the products of at least six 

core genes (secA, secB, secD, secE, secF, and secY)  that encode the structural 

components of the export system [128].  Genome sequencing of multiple 
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mycobacterial species revealed that pathogenic mycobacteria contain orthologs of 

each of these genes [126].  However, the role of Sec-dependent secretion in 

mycobacterial physiology is not well understood.  A fundamental question is 

whether the Sec-dependent pathway facilitates export to the extracellular 

environment (thorough the mycomembrane), or is limited to translocating proteins 

across the cytoplasmic membrane and into the periplasmic space, in which case it 

may operate cooperatively with other secretion systems. 

Like the Sec-dependent pathway, the Twin-arginine (Tat) secretion system is 

a well-conserved system that is responsible for translocating proteins across the 

cytoplasmic membrane in E. coli.  Like Sec-dependent export, Tat secretion is 

dependent on recognition of a conserved signal sequence, a signature two arginine 

(R-R) motif [129].  In contrast to Sec-dependent export, the Tat secretion system has 

been shown to export mostly folded proteins [127].  In E. coli, the core Tat secretion 

apparatus is encoded by four genes encoded in an operon (tatA, tatB, tatC and tatD).  

Orthologs of each of these genes are also present in pathogenic mycobacteria [126].  

However, the mycobacterial Tat secretion system differs markedly at the protein 

sequence level from its counterpart in E. coli, and is no longer organized in a four 

gene operon, raising the possibility that these structural deviations reflect a 

divergence in function [130].  The Tat-secretion system in mycobacteria has been 

shown to export beta-lactamase, an antibiotic resistance protein, which is a function 

that is conserved in several other species of bacteria, including E. coli [130-132].  

However, the full complement of substrates for the mycobacterial Tat-secretion 

system remains poorly defined. 

The most well-studied protein export pathway in mycobacteria is a unique 

Type VII Secretion System (T7SS).  While mycobacteria share an ancestral T7SS 

with evolutionarily-related Gram-positive bacteria, the system is uniquely evolved in 

mycobacteria [13].  Unlike Sec-dependent and Tat-dependent secretion, the 

substrates for T7SSs do not contain well-defined N-terminal signal sequences [11]. 

Mycobacterial genomes encode up to 5 loci containing complete copies of the core 
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secretion apparatus (ESX 1 through 5) [11, 13].  Secretome analysis of knock-out 

mutants reveals that these ESX loci are responsible for secreting a large number of 

proteins to the bacterial surface and into the extra-cellular environment [133, 134].  

The proteins secreted by the mycobacterial T7SSs (especially those secreted by 

ESX-1 and ESX-5) include a significant number of virulence factors that are 

essential to pathogenesis [11, 100].  Illustrating this point, the deletion of ESX-1 in 

M. bovis is responsible for the attenuation of virulence observed in the tuberculosis 

vaccine strain, BCG [135].  Genomic comparisons between mycobacterial species 

reveal that the expansion and evolution of these T7SSs in mycobacteria 

corresponded with the adaptation to pathogenic growth [12, 13].  Specifically, the 

evolution of ESX-5, the most recently diverged of these loci, is unique to the slow-

growing lineage of mycobacteria.  The emergence of ESX-5 also precipitated a large 

expansion of putative substrate proteins [13, 133].  Accordingly, the genomes of 

pathogenic mycobacteria tend to contain at least four of the five ESX loci, as well as 

an abundant selection of putative substrate proteins.  In contrast, saprophytic 

mycobacteria tend to contain only one or two of the five ESX loci, along with 

dramatically fewer substrate proteins.  An important difference between T7SS in 

MAC and other pathogenic mycobacteria, like M. tuberculosis, is the deletion of the 

entire ESX-1 loci in MAC [13].  This deletion, which is highly attenuating in M. 

tuberculosis, does not appear to cause the same degree of attenuation in MAC [136]. 

 

1.14  Function and Structure of T7SS in MAC 

Although significant variations exist between the peripheral and substrate genes 

associated with the various ESX loci, there are several highly conserved elements 

(Figure 1.4).  Among the most highly conserved core elements is a large, membrane-

anchored protein that contains both ATP-binding and FtsK/SpoIIIE domains [11, 

137].  This protein, recently re-named “eccCa/eccCb”, is structured into two distinct 

domains that are sometimes encoded as discreet proteins; a cytoplasmic globular 

domain and a multi-pass membrane spanning domain [138].   
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Figure 1.4  Genetic and functional organization of the Type VII Secretion System 

(T7SS).  From bottom, the conservation of genetic organization between orthologous 

T7SSs, and ESX-4 (ancestral) and ESX-1 from M. tuberculosis.  Top, illustration of 

the putative function of the conserved elements in ESX-1 from M. tuberculosis.  

Figure adapted with permission from Abdallah, et al. [11]  
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FtsK/SpoIIIE domain-containing proteins are known to be involved in DNA 

segregation during cell division, leading to speculation that T7SSs evolved from the 

machinery that facilitated bacterial conjugation and DNA transfer [11].   

This hypothesis for the evolution of the mycobacterial T7SS is supported by 

evidence that indicates that the ESX-1 loci is essential for DNA transfer in M. 

smegmatis [139].  In M. tuberculosis, the FtsK/SpoIIIE protein of ESX-1 has been 

identified as having an essential chaperone function for the export of some T7SS 

substrates [136].  The cytoplasmic domain of this protein (eccCb/Rv3871) interacts 

directly with the C-terminal (potential signal sequence) of a nearby substrate protein 

(esxB/Rv3874) [134].  The same study found that the fusion of this C-terminal 

sequence to fluorescent reporter proteins is sufficient to induce the export of the 

fusion protein into the extra-cellular space.  Each ESX loci also contains another 

large multi-pass membrane protein (eccD) that is essential for the export of most 

substrates [13].  With approximately 11 transmembrane spanning domains, it has 

been speculated that this protein may be involved in the formation of a pore structure 

[11].  Providing the energy for active protein transport, each ESX loci contains an 

AAA+ ATPase protein (eccA), which is also essential for substrate export.  Proteins 

in the AAA+ ATPase family are broadly conserved and are often function in tandem 

with other proteins as molecular chaperones, proteases, helicases and nucleic-acid-

stimulated ATPases [140].  Also within each ESX loci are two conserved membrane 

anchored proteins whose function is not well known, but are suspected to play a role 

in the formation of pores in the mycomembrane [141].  Most ESX loci encode for a 

membrane-bound, subtilisin-like serine protease whose precise role is unclear, but is 

thought to regulate protein export and cleave some T7SS substrates [142].  Lastly, 

two pairs of substrate proteins are generally present near the center of the loci, at 

least one pair each of PPE/PE and WXG100 (esx) family proteins [13].  In addition 

to the core loci, there are conserved clusters of genes that are substrates and possible 

secretion regulating factors, the most notable of which are the esp (ESX-1 Secretion-

Associated Proteins) family of proteins [143].  Although the genetic structure of each 
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loci, and the protein sequences of the individual proteins, are highly homologous the 

analysis of deletion mutants indicates that each ESX loci has a relatively unique 

complement of substrate proteins [144].  Accordingly, the disruption of one loci does 

not appear to be directly compensated for by the remaining loci.  At the same time, 

there does appear to be some overlap and cross-talk, as disruption of the ESX-1 loci 

has been shown to increase export of some substrates by the ESX-5 loci [100].  

  

1.15  PE and PPE Family Proteins  

PE and PPE proteins are defined by their highly conserved N-terminal motifs. Both 

PE and PPE protein families are unique to mycobacteria and both are named after a 

universally conserved amino acid motif that occurs near the N-terminus of each 

protein: Proline-glutamic acid (PE) and proline-proline-glutamic acid (PPE).  

Beyond the individual motif, the PE and PPE families are characterized by conserved 

N-terminal domains of approximately 100 and 180 amino acids, respectively [13].  

In contrast to the N-terminal similarity, there is considerable diversity in the C-

terminal domains of these proteins, variations which likely reflect a diversity of 

functions for this family of proteins (Figure 5.2).  Crystal structure analysis of a 

model PE/PPE pair (Rv2431c/Rv2430c) indicate that these proteins form a stable 1:1 

heterodimer, a finding that is supported by the operonic organization of most PE/PPE 

pairs [145].   

In pathogenic mycobacteria, the T7SS encoded by the ESX-5 loci is a major pathway 

for export of PE and PPE proteins [144].  Disruption of this loci inhibits the export of 

several PE and PPE proteins, and causes an attenuation of virulence in vivo [146].  

Comparative genomic analysis between mycobacterial species demonstrates that the 

evolution of ESX-5 initiated an expansion and diversification of PE and PPE 

proteins.  In M. tuberculosis, there are over 100 genes that encode proteins from 

these families.  In contrast, the genome of the saprophytic mycobacterium, M. 

smegmatis, contains only two pairs of these proteins [13].   
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Along with an overall expansion of the protein family, several distinct classes 

of both PPE and PE proteins have evolved in pathogenic mycobacteria.  Because 

PPE and PE proteins have highly conserved N-terminal domains, the subgroups are 

distinguished by the presence of distinctive motifs within their C-terminal domains.   

Within the general family of PE proteins there is one large sub-family, PE-PGRS, 

that is defined the presence of a polymorphic GC-rich-Repetitive Sequence (PGRS) 

at the DNA level.  At the protein level, these PGRS domains contain multiple 

tandem repeats of a glycine-glycine-alanine (Gly- Gly-Ala) or a glycine-glycine-

asparagine (Gly-Gly-Asn) motif [147].  These proteins have been shown to be 

exported to the bacterial surface, where many remain associated with the 

mycomembrane and surface-exposed [148].  In addition to PE-PGRS proteins, there 

are a range of PE proteins that are either lacking large C-terminal domains, or 

contain domains with low levels of similarity to other members in the PE family.  

Within the PPE family, there are three unique subgroups which are also 

defined by distinctive motifs in their C-terminal regions.  The PPE-SVP subgroup is 

the most abundant and is characterized by a motif, Gly-X-X-Ser-Val-Pro-X-X-Trp, 

that is generally found between amino acid residues 300 and 350.  The PPE-MPTR 

subgroup is defined by a Major Polymorphic Tandem Repeat (MPTR), a series of C- 

terminal repeats of a DNA sequence (GCCGGTGTTG) and 5 base pair spacers, 

which code for the amino acid motif Asn-X-Gly-X-Gly-Asn-X-Gly.  A third, less 

abundant subgroup of PPE proteins, PPE-PPW, is identifiable by the presence of two 

highly conserved amino acid motifs, Gly-Phe-X-Gly-Thr and Pro-X-X-Pro-X-X-Trp.  

Like the PE proteins, there is an additional population of PPE proteins that lack 

distinctive motifs and significant similarity with other members of the class [149]. 
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Figure 1.5 Crystal structures of PPE/PE and WXG100 family heterodimers.  A.  

Crystal structure of the heterodimer formed by a PE family protein, Rv2431c (black), 

and a PPE family protein, Rv2430c (gray).  Both Rv2431c and Rv2430c have very 

short C-terminal domains, compared to other proteins in their respective families 

[145].  B.  Crystal structure of the heterodimer formed by two WXG100, Rv3874 

(black) and Rv3875 (gray).  Rv3874/Rv3875 are located in the ESX-1 loci of M. 

tuberculosis [150].  

Many PE and PPE family proteins have been shown to be secreted to the cell 

wall or into the extracellular space, often as heterodimers [104, 133, 144, 148, 149, 

151-153].  Members of both the PE-PGRS and PPE-MPTR subgroups are well-

described cell surface constituents that play roles in bacterial physiology and cell-to-

cell interactions [149, 154].  Some PE/PPE heterodimers may function as structural 

components of the secretion apparatus, as research has indicated that some members 

may for a beta-barrel like structure that may serve as a pore [155].  There is also 

evidence that PE/PPE proteins play a role in regulating protein secretion by 

functioning as a gating mechanism [141, 156].   
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Recent research demonstrated that pathogenic mycobacteria may utilize PPE 

and PE proteins to export proteins that are secreted by the Sec-dependent system in 

saprophytic mycobacteria.  A study investigating differences in the export of an 

extra-cellular lipase enzyme, LipY, between a saprophytic mycobacteria, M. 

smegmatis, and two pathogenic mycobacteria, M. marinum and M. tuberculosis, 

found that secretion required two separate systems.  In M. smegmatis, LipY 

contained an N-terminal signal sequence for export by the Sec-dependent pathway.  

In contrast, in M. marinum and M. tuberculosis, the signal sequence was replaced by 

either a PE or PPE N-terminal domain, respectively [104].  In the pathogenic species, 

the presence of the PE or PPE domain, and a functional ESX-5 loci, was necessary 

for export of the LipY protein.  Furthermore, both the PE and PPE proteins were 

proteolytically removed after translocation, liberating them from the PE/PPE 

domain, which may have remained associated with the mycomembrane.   

 

1.16  WXG100 Family Proteins 

Adjacent to the PPE/PE genes in each ESX loci, there is an additional pair of highly 

conserved genes, both of which are members of the WXG100 protein family [13].  

These proteins are named for both their size (each protein is approximately 100 

amino acids) and a conserved WXG motif which always occurs in the center of the 

sequence [12].  Members of the WXG100 family are usually encoded in operonic 

pairs and numerous studies have demonstrated that these gene pairs produce proteins 

that usually associate together in 1:1 heterodimers [143, 157, 158].  Following 

translation, these proteins assume a primarily alpha-helical conformation and fold in 

half at the WXG motif, which encodes a turn structure.  The two proteins then 

associate with each other, forming a complex that stabilizes the secondary and 

tertiary structure of the monomers [158]. The most thoroughly studied members of 

this family are the pair of WXG100 proteins at the center of the ESX-1 loci in M. 

tuberculosis, Rv3874 and Rv3875 (esxA/esxB) [138].  The nomenclature for these 

genes, Culture Filtrate Protein 10 kDa (CFP-10) and Early Secreted Antigenic Target 
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6 kDa (ESAT-6), derive from observations that significant quantities of these 

proteins are secreted into the culture medium by actively growing M. tuberculosis 

[138].  Their secretion is highly dependent on the presence of a functional ESX-1 

region, according to observations from several studies[143, 159, 160].  The export of 

these two proteins is also essential to the pathogenesis of M. tuberculosis and 

disruption of either of these genes, or the ESX-1 loci, leads to a severe attenuation of 

virulence [101, 136, 159].  Work dissecting the mechanics of the export of 

esxA/esxB has indicated that the C-terminus of the protein (residues 90-100) 

encoded by esxB serve as a signal sequence that is recognized by a highly conserved 

chaperone element of the ESX loci, the protein encoded by eccCb [134].  Unlike 

PE/PPE family proteins, which are thought to be unique to the mycobacterial 

lineage, WXG100 family proteins have been discovered in several other Gram-

positive bacteria, such as Staphylococcus aureus and Bacillus anthracis [161, 162].  

Although, the structure of the WXG100 proteins are fairly well conserved, the 

organization and sequences of the genes encoding the putative secretion apparatus 

are quite different [11].  Despite these differences there is evidence, in S. aureus, that 

secretion depends on the presence of a FtsK/SpoIIIE family protein, which correlates 

with T7SS in mycobacteria [126, 137].  Importantly, in S. aureus, export of 

WXG100 family proteins are essential for pathogenesis, a role which is consistent 

with the observed homologies to mycobacterial WXG100 proteins [161, 163].  Like 

the PE and PPE protein families, WXG100 family proteins are highly expanded in 

pathogenic mycobacteria [12].  Also similar to the PE and PPE proteins, WXG100 

proteins have conserved domains that are essential to the formation of a 1:1 

heterodimer, and highly variable (although generally much shorter) C-terminal 

regions.  Although each ESX loci contains a pair of WXG100 genes, in pathogenic 

mycobacteria WXG100 gene pairs have been duplicated and are distributed 

throughout the genome [163].  The similarity of these duplicated gene pairs to their 

progenitor genes ranges from well-conserved to precisely identical.  The presence of 

identical duplicates (at the amino acid level) points to the importance of these genes 
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to the fitness of the bacterium, and may allow the bacterium additional flexibility in 

their transcriptional regulation of these elements [137].   

 

1.17  The Role of PE/PPE and WXG100 Proteins in Pathogenesis 

Studies of knock-out mutants that disrupt the expression of PE/PPE proteins, 

WXG100 protein structure or essential components o the ESX loci, have consistently 

demonstrated the importance of these proteins in mycobacterial pathogenesis [91, 

136, 144, 146, 149].  Several of these studies have also found that both PE/PPE and 

WXG100 proteins are responsible for direct manipulation of the host response to the 

presence of the bacterium.   

The first insight into the role of the ESX loci and their substrate proteins 

came with the discovery that the deletion of ESX-1 attenuated virulence in M. 

tuberculosis [135, 136].  These studies revealed that the disruption of this loci 

prevented the secretion of several proteins, foremost among them Rv3874/Rv3875 

(esxB/esxA), resulting in significant changes to the response of host macrophages to 

M. tuberculosis.  Specifically, the secretion of WXG100 proteins by the ESX-1 loci 

inhibits the activation of NF-κB pathway in macrophages following Toll-Like 

Receptor 2 (TLR2) mediated recognition of mycobacterial components [164].  An 

investigation employing progressive truncations of these proteins indicated that the 

C-terminal region of protein encoded by esxA (Rv3875) is capable of binding 

directly to TLR2, blocking its ability to transduce the activation signal [165].  

Additional studies have suggested that Rv3875 may play a role in the disruption of 

host membranes.  One analysis of the Rv3874/Rv3875 heterodimer indicated that the 

two proteins disassociated under acidic conditions, a finding that may result from 

disruption of inter-protein electrostatic interactions that are pH dependent.  The 

disassociated proteins then exhibited a destabilizing effect on nearby lipid bilayers 

[105].  Monomers of Rv3875 have been observed integrating into membranes, where 

they appeared to form pore-like structures.  The researchers speculated this type of 

pore formation may play a role in the escape of mycobacteria from phagosomes 
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and/or host cells [101].  WXG100 family proteins from the ESX-5 loci have also 

been directly implicated in mycobacterial pathogenesis.  A M. marinum mutant with 

a disrupted ESX-5 loci was unable to export several proteins, including the WXG100 

protein pair, MMAR_2674 and MMAR_2675 (esxN (Mar)/esxM (Mar)) [146].  This 

mutant was defective at modulating the response of host macrophages following 

phagocytosis of the bacterium.  In cultured macrophages, phagocytosis of the mutant 

strain initiated a strong pro-inflammatory response that included secretion of the 

cytokines IL-12p40, TNF-alpha and IL-6.  In contrast, infection with wild-type M. 

marinum elicited the secretion of significantly more IL-1b than the mutant, and 

fewer of the aforementioned cytokines.  However, the exact role of WXG100 

proteins in the observed differences are unclear, as the disruption of ESX-5 in the M. 

marinum mutant also inhibited the export of a range of other proteins, primarily 

those from the PE and PPE families [133].   

Like the WXG100 proteins, PE/PPE proteins are exported via the T7SS 

pathway and directly modulate the response of host phagocytes [100, 133].  

Following export, some members of the PE/PPE family can be found in the culture 

supernatant, while others remain tightly-associated with the mycomembrane [144, 

149, 153].  The first direct evidence of the role of PE or PPE proteins in pathogenesis 

came from a study of M. marinum mutants that found that two PE-PGRS proteins 

were essential for the intracellular survival of the bacterium [166]. Since then, 

several more PE-PGRS proteins have been identified that are essential to 

pathogenesis.  Interestingly, some PE and PPE family proteins have also been shown 

to interact directly with TLR2, similar to the M. tuberculosis WXG100 protein 

Rv3875 [167, 168].   

Several specific PPE proteins have essential roles in mycobacterial 

pathogenesis.  Work in this laboratory identified an M. avium (MAH) PPE gene, 

MAV_2928, whose expression was essential for survival of the bacterium inside of 

host macrophages [91, 120].  Transposon-based disruption of this gene, which is in 

the ESX-5 loci, prevented the bacterium from arresting the maturation of the 
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phagosome and a led to a decrease in virulence.  Phagosomes containing the mutant 

MAH strain quickly acidified, while those with wild-type MAH maintained an 

elevated pH.  Further investigation revealed that markers associated with phagosome 

maturation, such as  EEA-1 and CREB-1, were present on phagosomes containing 

the mutant strain, but absent on those containing wild-type MAH [95].  Similar 

results have been observed in studies exploring the role of PPE proteins in the intra-

cellular fitness M. tuberculosis.  Specifically, disruptions in at least three M. 

tuberculosis PPE family proteins, Rv0442c, Rv0878c and Rv3343c, prevented the 

arrest of phagosome acidification and limited the ability of the bacterium to survive 

in host macrophages [149].  While the exact mechanisms by which PPE family 

proteins may modulate macrophage responses remains unknown, there is abundant 

evidence to suggest that the PPE, PE and WXG100 family proteins play an essential 

role in mycobacterial virulence.   

 

1.18  Exported Mycobacterial Proteins as Immunogenic Targets 

Studies using a broad range of bacterial models have demonstrated that proteins that 

are exported by pathogens, both anchored to the surface and fully secreted, constitute 

a significant proportion of the antigens that are recognized by antibodies present in 

the serum of infected hosts [169-179].  Post-translational modifications that 

preferentially occur on bacterial surface-exposed proteins, such as the covalent 

attachment of sugar and lipid moieties, may further encourage the immunogenic 

processing of these proteins [180].  Accordingly, members of the PPE, PE and 

WXG100 families, along with other abundant surface proteins, are well represented 

in antigen recognition screens from mycobacterial infections [169, 175, 176, 178].  

In these screens, these three classes of mycobacterial proteins often comprise the 

majority of the dominant antigens recognized by antibodies from the infected host.  

Because of the antigenic dominance of PPE family proteins, tests based on antibody 

recognition of species-specific PPE proteins can differentiate between causative 

strains of MAP infections in bovine hosts [153].   
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Although the expansion and diversification of ESX substrates in pathogenic 

mycobacteria may be the result of adaptation to particular hosts, it has also been 

hypothesized that these duplications are driven by the need to evade detection by the 

host immune system [148, 153, 181].  In essence, the idea is that alternating the 

expression of two genes with variant sequences, but overlapping function, may 

undermine the ability of the host to mount an effective adaptive immune response.  

The bi-phasic lifestyle of some mycobacteria (environmental vs pathogenic) may 

also be consistent with this concept.  The presentation of one complement of surface-

exposed proteins during the initial stages of host infection (when the bacteria is 

adapted to extracellular growth), and a different set once phagocytosed, may lead the 

immune system to target epitopes which are not helpful in identifying intracellular 

mycobacterial infection.  Lending a modicum of support to this hypothesis are two 

observations: First, pathogenic mycobacteria dramatically re-organize their 

transcriptional patterns after phagocytosis, and second, vaccines using heat-killed 

mycobacteria generally provide poor protection, despite the fact that they can elicit a 

robust adaptive immune response [123, 182, 183].  In contrast, it has also been 

hypothesized that the robust recognition of some ESX substrates may provide a 

selective advantage in some instances.  For example, secretion of immunogenic 

molecules may cause tissue damage and inflammation, recruiting additional 

phagocytes and facilitating dissemination and transmission [184]. 

Several vaccines based on ESX substrates have demonstrated protective 

efficacy in animal models.  Vaccines against M. tuberculosis, utilizing PPE proteins 

as primary immunogens (eg. Rv1196, Rv1813, Rv3620, Rv2430c and Rv2770c) 

have shown promising results [185-188].  Likewise, M. tuberculosis vaccines 

targeting PE proteins (eg. Rv1818c, Rv3812 and Rv1806) have also had some 

success in early testing [189-191].  Additionally, researchers reported that M. 

tuberculosis BCG, the vaccine strain of M. tuberculosis, that had been engineered to 

express a WXG100 protein (Rv3875), provided increased protection from 

subsequent challenge with virulent M. tuberculosis [192].  However, Rv3875 was 
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part of the original deletion that attenuated virulence in the vaccine strain, and this 

replacement strategy may risk a partial restoration of pathogenicity.  Vaccine 

development studies using PPE and PE proteins from MAC bacteria as immunogens 

have also demonstrated some success.  A study exploring the immunogenic potential 

of PPE family proteins from MAP, MAP1518 and MAP1519, as well as another 

study investigating a PE family protein from MAH, MAV_2923, all reported the 

induction of a protective immune response [190, 193, 194].  In addition to known 

ESX substrates, several other surface-exposed proteins have been tested with 

positive results, notably members of the Ag85 family of mycolyl transferases [195].   

 

1.19 Analysis of Surface-Exposed and Secreted Proteins 

Complementing the discovery of new antigenic targets and protective immunogens is 

the analysis of the surface-exposed and secreted proteins of pathogenic 

mycobacteria.  Because these two sub-groups of the mycobacterial proteome are 

directly involved in the essential functions of pathogenesis (eg. adherence, invasion, 

host modulation and antigen targeting), the identification of these proteins is 

essential to a better understanding of mycobacterial virulence.  Advances in the 

speed and accuracy of mass spectrometry, coupled with the sequencing and 

annotation of bacterial genomes, have ushered in a new era of proteomic analysis.  

Several studies have been undertaken that seek to characterize the proteomes of 

different sub-cellular structures in mycobacteria, such as the cytoplasm, inner 

membrane, mycomembrane and outer capsule [196-204].  Focusing primarily on M. 

tuberculosis, these studies have generated large volumes of data about the proteomes 

of these structures in experimental conditions.  However, the isolation of fractions 

containing particular sub-cellular structures of bacterial cells is inherently imprecise, 

and large-scale proteomic analysis via mass spectrometry can be prohibitively 

expensive.  Moreover, these approaches are not well suited to distinguish the 

localization of proteins (eg. surface-exposed proteins) within the large and 

heterogeneous structure that makes up the bacterial cell envelope.  Recent studies 



 29 

have attempted to specifically characterize the surface-exposed proteome of 

mycobacteria using two basic approaches: Selective solubilization and trypsin 

shaving.  Using mild concentrations of detergent, investigators were able to 

selectively solubilize the outer capsule of M. tuberculosis, M. smegmatis and M. 

marinum [24].  Following solubilization, a shotgun proteomics approach was used to 

identify the proteins in each fraction, which included many previously described 

surface-exposed proteins.  A separate set of experiments utilized a “trypsin shaving” 

approach to cleave peptides from accessible proteins on live mycobacteria [197, 

198].  Using this technique, the authors were able to identify many surface-exposed 

proteins from both M. smegmatis and MAP.  Similar to the solubilization 

experiments, many of the identified proteins were known surface-exposed proteins.  

Overlapping identifications from the analyses of different species indicates that 

many surface-exposed proteins are likely shared across the genus [24, 197, 198]. 

However, minimal overlap between mycobacterial species was observed with 

respect to the PE, PPE and WXG100 family proteins, or other putative ESX loci 

substrates.  These differences may highlight essential differences in the pathogenic 

pathways employed by different species of mycobacteria.  At the same time, these 

variations may result from an incomplete characterization of the surface proteome.  

Both selective solubilization and trypsin-shaving techniques encounter inherent 

limitations that prevent their analysis of the full complement of surface-exposed 

proteins.  The analysis of the surface-exposed proteomes of additional mycobacterial 

species, using tools and techniques that allow for a more thorough characterization of 

the target proteins, will be essential to resolve the continuing mysteries that surround 

the mechanisms of mycobacterial pathogenesis.    

 

1.20  Scope of Thesis 

This project sought to build upon previous research conducted in this laboratory that 

found MAH transposon mutants that lacked a functional PPE gene in the ESX-5 loci 

(MAV_2928) were significantly attenuated in virulence [91].  Unlike, wild-type 
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MAH, the mutant was unable to disrupt phagosomal maturation, abrogating the 

capacity of the bacterium to survive within host macrophages.  We hypothesized that 

the deletion of MAV_2928 disrupted function of the T7SS encoded by the ESX-5 

loci, a system that is known to be important in pathogenesis [146].  To investigate 

the role of MAV_2928, we sought characterize three features of this protein: 

Interactions with other proteins in the ESX-5 loci, the sub-cellular localization of 

MAV_2928 and the environmental conditions which regulated expression of 

MAV_2928.  In the course of this investigation, we developed a technology to 

characterize surface-exposed proteins in MAH.  Since mycobacterial T7SSs are 

known to be responsible for the export of many PPE, PE and WXG100 proteins to 

the bacterial surface and extra-cellular environment, we attempted to characterize the 

surface-exposed proteome of MAH cultured in conditions simulating early infection.  

Building on this initial success, we endeavored to improve and standardize the 

technological method, with the goal of generating the most comprehensive profile, to 

date, of a mycobacterial surface proteome. 
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2.1  Abstract 

 Previous research has demonstrated that inactivation of the Mycobacterium avium 

subsp. hominissuis (M. avium) gene, MAV_2928 (PPE25-MAV), leads to a 

significant attenuation of virulence in both in vitro and in vivo models.  PPE25-MAV 

encodes for a PPE family protein, a family from which many members have been 

implicated in both bacterial virulence and host immune recognition.  Recent research 

has shown that many PPE family proteins are exported by a specialized Type VII 

secretion system in mycobacteria.  In this context, the mechanisms of PPE25-MAV 

in M. avium pathogenesis were investigated.  A mycobacterial 2-hybrid system was 

used to perform a directed search for M. avium proteins that interact directly with 

PPE25-MAV.  An interaction was observed between PPE25-MAV and a WXG100 

family protein, MAV_2921.  This interaction was further defined by 2-hybrid 

analysis of truncated PPE25-MAV, and confirmed by co-immunoprecipitation.  

Localization of the PPE25-MAV protein was analyzed in Mycobacterium smegmatis 

expressing the recombinant protein and a significant percentage of PPE25-MAV was 

shown to be exposed at the bacterial surface by surface biotinylation and trypsin 

protection assays.  Finally, transcriptional analysis of PPE25-MAV and its associated 

operon suggested that nutrient limitation, a condition which occurs in the 

phagosome, plays a role in regulating expression of the PPE25-MAV gene.  
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2.2  Introduction 

 A widespread environmental pathogen, M, avium is a major source of 

disseminated mycobacteriosis in immune-compromised individuals, such as those 

with HIV (7).  Robust and hardy members of the Mycobacterium genus, M. avium is 

capable of establishing persistent environmental and biological biofilms and have 

been isolated from hospital water supplies and even residential showerheads (5, 9).  

Like the majority of the pathogenic mycobacteria, it is an intracellular parasite, 

capable of survival and replication inside of the host cell (13).  M. avium actively 

subverts the normal host defense response and inhibits phagosome acidification and 

maturation in macrophages (22).  Furthermore, the bacterium modulates host 

apoptosis and necrosis processes to facilitate macrophage escape and dissemination 

(6).  Such thorough manipulation of the host likely requires a complex system of 

sensors, structural elements and effectors.  Recent research has indicated that one 

potential candidate, a unique Type VII secretion system (T7SS), likely plays a 

central role in mycobacterial pathogenesis (1, 33). 

 Mycobacteria are encapsulated by a thick, covalently cross-linked, lipid-rich 

cellular envelope (19).  Export of proteins through this hydrophobic barrier is 

facilitated in part by a mycobacterial T7SS, which is encoded as a gene cluster (15).  

Originally identified in Mycobacterium tuberculosis as a region (ESX-1) whose 

absence contributes to the attenuation of the tuberculosis vaccine strain BCG, 

genome sequencing has revealed the presence of up to 5 different loci, ESX-1 thru 5, 

across the Mycobacterium genus (15, 21).  M. avium contains 4 of these loci, ESX-2 

thru 5, but contains a deletion covering the entire region encoding ESX-1.  ESX-1 

has been shown to be essential for exporting WXG100 family virulence factors, such 

as CFP-10 and ESAT-6, as well as numerous other proteins (17 ).  The ESX-5 locus 

has also been implicated in pathogenesis.  Disruption of the ESX-5 locus inhibits the 

ability of the bacteria to modulate the macrophage response, but does not appear to 

affect the ability of the bacteria to escape into the cytosol from the phagosome (2, 
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31).  Recent research has demonstrated that a functional ESX-5 region facilitates the 

export of a number of PE and PPE family proteins (3, 4).   

 PE and PPE proteins, defined by their conserved N-terminal PE (Pro-Glu) and 

PPE (Pro-Pro-Glu) domains, are a mycobacterium specific family of proteins.  PE 

and PPE family proteins all contain a well conserved N-terminal region 

(approximately 100 and 180 residues, respectively) but have considerable variation 

among their C-terminal domains (16).  They are highly expanded in pathogenic 

mycobacteria, in some cases comprising almost 10% of the genome (11).  Several PE 

and PPE family proteins are secreted during culture in vitro and during intra-cellular 

growth in macrophages (2, 4).  Several members of these families associate with, or 

are found within, the mycobacterial cell envelope (29).  It has been speculated that 

their abundance, C-terminal variations and apparent redundancy play a role in 

immune evasion (23).  Indeed a number of PE and PPE proteins have been shown to 

be robust antigenic targets, and in some cases, effective immunizing agents (26, 27).   

 The objective of this study was to characterize the function of the M. avium PPE 

family gene, PPE25-MAV.  A homologue of the M. tuberculosis gene Rv1787, it is 

situated within the ESX-5 region of M. avium (16).  Previous research has shown 

that disruption of this gene abrogates the ability of the bacterium to prevent 

phagosome acidification and survive within the macrophage (22).  Here we utilize a 

mycobacterial 2-hybrid system (M-PFC) and protein co-precipitation to show that 

PPE25-MAV interacts with the adjacent ESAT family gene, MAV_2921, via its C-

terminal domain.  In addition, we utilized a cell surface biotinylation approach to 

show that PPE25-MAV localizes to the bacterial surface, in a translocation 

dependent on its conserved N-terminal domain.  Finally, Real-Time PCR analysis of 

PPE25-MAV under various conditions indicates that gene expression is contingent 

upon nutrient poor conditions. 
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2.3  Materials and Methods 

2-Hybrid (M-PFC) Vectors.  Vectors PUAB100, PUAB200, PUAB300 (prey 

vector) and PUAB400 (bait vector) were a generous gift from the Steyn lab 

(Appendix 2.1).  The M-PFC system is a 2-hybrid system optimized for use in the 

model mycobacterial organism, Mycobacterium smegmatis (32).  Positive 

interactions are assessed based on resistance to trimethoprim, which is conferred by 

interaction between two murine Dihydrofolate Reductase (DHFR) subunits, encoded 

by the bait (PUAB400) and prey vectors (PUAB300), respectively.  To screen for 

potential interactions between the PPE25-MAV protein and other members of the 

ESX-5 region of M. avium, a bait plasmid was created by cloning the 3 gene operon 

containing PPE25-MAV, MAV_2927 and MAV_2926 into PUAB400 (Appendix 

2.1).  The C-terminus of the DHFR sub-unit was translationally fused to the N-

terminus of PPE25-MAV.  To create a prey library for a directed search, individual 

genes from the M. avium ESX-5 region were cloned into the PUAB300 vector.  This 

library contained full length genes MAV_2915 through MAV_2933 (Appendix 2.1).  

To further define the identified interactions, the PPE25-MAV gene and four 

truncations of PPE25-MAV (PPE25-MAV∆(186-421), PPE25-MAV∆(1-179, 326-

421), PPE25-MAV∆(1-219) and PPE25-MAV∆(1-399)) were cloned into the 

PUAB300 vector and screened against the prey library (Appendix 2.1).  Empty 

vectors PUAB300 and PUAB400 were used as negative controls, while MAV_2922 

and MAV_2921 were cloned into both the PUAB300 and PUAB400 vectors for use 

as positive controls.   

 

2-Hybrid Bait Culture Preparation.  PUAB400 bait vectors were cultured and 

purified from Escherichia coli.  Vectors were transformed into M. smegmatis 

MC
2
155 via electroporation, as previously described (12).  Briefly, actively growing 

cultures of M. smegmatis were inoculated into 100 ml of Middlebrook 7H9 broth 

supplemented with 10% OADC (Oleic Acid, Albumin, Dextrose and Catalase), 

(Hardy Diagnostics, Santa Maria, CA).  Broth cultures were harvested at mid-log 
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phase (OD600~.6) by centrifugation at 4°C.  Samples were washed twice in 

electroporation buffer (10% Glycerol, .05% Tween-20, .05% tween-80).  Samples 

were then re-suspended in 5 ml electroporation buffer.  Two hundred μl aliquots 

were combined with 5 μl plasmid (500 ng/ μl) and electroporated.  After 

electroporation, samples were rescued for 2.5 h in 1 ml LB broth media.  Rescued 

samples were then plated on Middlebrook 7H10 agar supplemented with 10% 

OADC and kanamycin (40 mg/ml) and cultured at 37°C for 5 days.  The resulting 

colonies were screened for the appropriate insert by colony PCR and confirmed by 

direct sequencing (CGRB Core Facility, Oregon State University). 

 

2-Hybrid Interaction Screen.  M. smegmatis cultures containing the appropriate 

PUAB400 bait construct were cultured in Middlebrook 7H9 broth supplemented 

with 10% OADC and 40 µg/ml kanamycin and prepared for electroporation as 

described above.  Individual bait plasmids were cultured in E. coli and plasmids were 

purified according to manufacturer’s protocol (Qiagen, Alameda, CA).  Purified 

plasmids, covering MAV_2915 thru MAV_2933 in PUAB300, were pooled with a 

final concentration of 500 ng/ μl.  Cultures were electroporated and recovered as 

previously described.  Transformed M. smegmatis were plated on Middlebrook 7H10 

agar plated supplemented with 10% OADC, 40 µg/ml of kanamycin, 50 µg/ml of 

hygromycin and 20 µg/ml of trimethoprim.  Cultures were grown for 4-7 days at 

37°C.  Resistant colonies were re-streaked onto fresh triple-selective plates.  Actively 

growing cultures were analyzed via colony PCR, plasmids and inserts were 

confirmed via direct sequencing. 

 

6X-His Tagged Protein Co-Precipitation.  To confirm the results observed in the 

M-PFC screen, the direct interaction of PPE25-MAV with MAV_2921 was 

examined by protein co-precipitation.  Full length PPE25-MAV (1-421) and three 

truncations of PPE25-MAV (PPE25-MAV∆(186-421), PPE25-MAV∆(1-179, 326-

421) and PPE25-MAV∆(1-219)) were cloned into the vector PMV261-5HRFP 
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(Appendix 2.1).  Full length PPE25-MAV and its truncations were cloned as C-

terminal fusions to a monomeric RFP moiety with an N-terminus 6X-His tag.  The 

prey vector, PMV261-MAV_2921, was constructed by cloning an unlabelled 

MAV_2921 into the PMV261 vector.  Vector construction, screening and 

confirmation were performed in E. coli.  Completed vectors were confirmed via 

colony PCR and direct sequencing.  Vectors were transformed into M. smegmatis, as 

described above.  Transformed M. smegmatis was cultured on Middlebrook 7H10 

agar plates (supplemented with 10% OADC and 50 µg/ml kanamycin) for 5 days at 

37°C, then cultured an additional two days at 25°C to allow accumulation of 

recombinant protein.  Expression of recombinant protein was confirmed visually by 

fluorescent microscopy and by anti-6X-His Western blot (Santa Cruz Biotechnology, 

Santa Cruz, CA).  Samples of 150 mg of bacteria expressing the bait vectors were 

harvested, washed once with Hank’s Buffered Salt Solution (HBSS, Invitrogen, 

Carlsbad, CA) and resuspended in 1.5 ml denaturing buffer (500 mM NaCl, 7M urea, 

20 mM Tris-HCl, 10 mM imidazole, .5% (v/v) glycerol, .2% (v/v) TritonX-100, 1 

mM PMSF, pH 8).  Bacteria were mechanically disrupted in a bead mill with .1 mm 

silica beads (6 cycles, 20 s each @ max speed).  Samples were centrifuged at 12,000 

x g for 5 min and supernatant was removed to a clean tube.  Fifty μl of Ni
2+

 coated 

magnetic beads (Promega, Madison, WI) were added to each sample.  Samples were 

incubated on a rotating mixer at 4°C for 2 h.  After incubation, samples were washed 

three times in denaturing buffer.  Each sample was split into two aliquots, one for 

exposure to the prey lysate and the other for exposure to the control lysate, M. 

smegmatis with an unmodified PMV261 plasmid (Appendix 2.1).  Lysate from M. 

smegmatis carrying the PMV261-MAV_2921 prey construct (containing unlabelled 

MAV_2921), was prepared in a urea-based denaturing buffer, as described above.  

One and a half ml of prey lysate was added to one aliquot of each sample containing 

immobilized bait protein.  Proteins were allowed to refold together through 

sequential dilution of the denaturing buffer with HBSS.  Samples were diluted by 

addition of 1 ml aliquots of HBSS (pH 7.4, 10 mM imidazole), followed by 5 min 
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incubations, until the concentration of urea reached 350 mM (sample volume 30 ml).  

Proteins immobilized on magnetic beads were purified with a magnetic rack 

(Promega) and washed three times with HBSS.  The beads were resuspended in 

laemelli buffer (+5% BME) and proteins were separated by SDS-PAGE.  Proteins 

were stained with Coomassie blue stain and visualized.  The band corresponding to 

the putative MAV_2921 protein was isolated and processed by in-gel trypsin digest 

(Pierce, Rockford, IL) prior to mass spectrometry analysis.   

 

Mass Spectrometric Sequencing.  Trypsin digested protein samples were processed 

at the Environmental Health Science Center’s (EHSC) Mass Spectrometry Facility at 

Oregon State University (Corvallis, OR).  Proteins were analyzed by liquid 

chromatography and tandem mass spectrometry (LC-MS/MS).  Tandem MS was 

performed with electrospray ionization (ESI) and mass spectra were acquired by 

using quadrupole-time of flight (Q-TOF) Global Ultima system from Micromass 

(Manchester, UK), operated with a spray voltage of 3.5 kV.  Digested protein 

samples were mixed 1:1 (v/v) with .1% formic acid, .005% trifluoroacetic acid, and 

3% acetonitrile in H2O (Solvent A).  A symmetry 300 C-18 trap (Dionex, Sunnyvale, 

CA) and 75 mm PicoFrit column (New Objective, Woburn, MA), packed with 

Jupiter C-5 (Phenomenex, Torrance, CA), were used for the ESI experiments.  The 

LC program consisted of a gradient from 3% to 35% Solvent B (.1% formic acid, 

.005% trifluoroacetic acid in 80% acetonitrile), to 70% at 65 min, and finally to 95% 

Solvent B at 80 min.  Data-dependent MS/MS was generated using a .5 second MS 

survey scan and 2.5 second MS/MS scans on the three most abundant peaks found in 

the survey scan.  A database search was performed using Mascot software (Matrix 

Science, London, UK). 

 

Bacterial Cell Fractionation.  To characterize the sub-cellular localization of 

PPE25-MAV, full length PPE25-MAV (1-421) and three truncations (PPE25-

MAV∆(201-421), PPE25-MAV∆(1-179, 326-421) and PPE25-MAV∆(1-259)) were 
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cloned into the PMV261-6X-His vector (Appendix 2.1).  Vectors were 

electroporated into M. smegmatis and cultured according the above protocol.  To 

extract soluble proteins, M. smegmatis cultures were harvested, washed once with 

HBSS, re-suspended in HBSS and mechanically disrupted, as previously described.  

Soluble protein was removed by three extractions in HBSS.  The pellet remaining 

after HBSS extraction was re-suspended in a urea-based denaturing buffer and 

mechanically disrupted again.  Samples were centrifuged at 12,000 x g for 10 min 

and the supernatant, containing most of the insoluble protein, was harvested.  Protein 

samples were resolved via SDS-PAGE.  Proteins were transferred to nitrocellulose 

membranes and were analyzed via anti-6X-His Western blot, following manufacturer 

protocols (Santa Cruz Biotechnology, Santa Cruz, CA). 

 

Bacterial Cell Surface Biotinylation.  To further define the localization of PPE25-

MAV and its associated truncations, bacteria were biotinylated to identify surface 

exposed proteins.  M. smegmatis cultures carrying the appropriate vectors were 

treated with sulfo-NHS-LC-biotin (Pierce, Rockford, IL), a membrane impermeable 

biotinylation reagent targeting primary amines, according to manufacturer protocols.  

Briefly, 100 mg of bacteria were washed twice in HBSS and resuspended in 1 ml of 

HBSS and sulfo-NHS-LC-Biotin at a concentration of 2 mM.  Cells were incubated 

for 20 min with shaking at RT then washed three times in a quenching buffer (HBSS 

+ 50 mM glycine).  Bacteria were mechanically disrupted in denaturing buffer and 

proteins were separated via SDS-PAGE, as described above.  Proteins were 

transferred to nitrocellulose and analyzed via anti-6X-His and anti-Biotin Western 

blot (Santa Cruz Biotechnology, Santa Cruz, CA).  Western blots were visualized on 

an Odyssey scanner (Licor, Lincoln, NE).  An IRDye800 anti-rabbit IgG secondary 

antibody (Licor) was used to visualize the anti-6X-His  antibody, while an 

IRDye680-Streptavidin conjugate (Licor) was used to visualize biotinylation. 
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Trypsin Protection Assay.  To confirm the surface localization of PPE25-MAV, a 

sample of M. smegmatis expressing the PMV261-6XHis-PPE25-MAV/2927/2926 

vector was subjected to limited trypsin proteolysis to digest surface exposed proteins 

(Appendix 2.1).  For this assay, an N-terminal 6X-His-tagged mRFP molecule, 

which remains soluble in the cytoplasm, was used as a control (Appendix 2.1).  To 

prepare the sample for trypsin treatment, one turbid (OD600 = 3) 1 ml sample of M. 

smegmatis carrying PMV261-6XHis-PPE25-MAV/2927/2926 was mixed with 1 ml 

of turbid control bacterium (M. smegmatis carrying PMV261-6XHis-mRFP) to 

create 2 ml mixtures.  Two 500 μl aliquots were transferred to clean 1.7 ml tubes 

from each mixture.  One hundred and twenty-five µg of sequencing grade trypsin 

was added to one aliquot from each group and allowed to incubate for 30 min at 

37°C.  The samples were then spun down, washed twice with HBSS and resuspended 

in denaturing buffer and mechanically disrupted in a bead mill with .1 mM silica 

beads.  Proteins were separated via SDS PAGE and transferred to a nitrocellulose 

membrane analyzed via Western blot with an anti-6XHis antibody (Santa Cruz 

Biotechnology).  Samples were imaged and analyzed with an IRDye800 anti-Rabbit 

secondary antibody and Odyssey scanner, (Licor) and photon emission averages 

were recorded for each band to quantify the signal intensity.   

 

Fluorescent Microscopy.  Cultures of M. smegmatis expressing mRFP fusions of 

PPE25-MAV, MAV_2922/2921 and mRFP alone (Appendix 2.1) were visualized on 

a Leica DM4000B fluorescent microscope (Leica, Wetzlar, Germany). 

 

Mycobacterial RNA Extraction.  To isolate RNA from M. avium, 100 mg samples 

of bacteria were harvested and washed once with cold HBSS.  Bacteria was 

mechanically disrupted with a bead beater and .1 mm silica beads in an acidic 

detergent solution (125 mM NaAcetate, 1% Triton X-100, .6% SDS pH 4.2) and 

processed through three cycles of phase separation with acid phenol (Acid Phenol: 

Chloroform 5:1).  Samples were then phase separated against Chloroform:Isoamyl 
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alcohol 24:1.  RNA was precipitated with ethanol and resuspended in H2O.  RNA 

concentration was analyzed via Nanodrop (Nanodrop, Wilmington, DE) and adjusted 

to a final concentration of 200 ng/ μl.  These samples were then subjected to DNase I 

treatment (10 U/100 μl DNase I + 1.5 μl RNase inhibitor) at 37°C for 30 min 

(Invitrogen).  After DNase I treatment, RNA was re-isolated using Trizol, following 

manufacturer protocol (Invitrogen).  Final RNA samples were quantified by 

nanodrop and screened for DNA contamination by PCR. 

 

Real-Time PCR.  One hundred ml of mid-log phase culture of M. avium was 

harvested from Middlebrook 7H9 media and washed twice with cold wash buffer 

(10% glycerol, .1% tween-20).  Samples were resuspended in water and aliquoted 

into flasks containing 100 ml of either 7H9 + 10% OADC (pH 6.8), 7H9 + 10% 

OADC (pH 5.8), 7H9 + 10% OADC (pH 7.8), 7H9 + 10% OADC + 1 mM Fe
2+

, 

Saline (diH2O + 150 mM NaCl) or diH2O.  Samples were cultured in the respective 

media for 12 h at 37°C with shaking.  Samples were harvested by refrigerated 

centrifugation and processed as described above.  One µg of total bacteria RNA was 

used to generate cDNA using cDNA Superscript 3 Supermix (Invitrogen, Carlsbad, 

CA), according to manufacturer protocol.  Real-Time PCR was performed on an 

iCycle RT-PCR machine (BioRad, Hercules, CA), using Sybr Green RT-PCR master 

mix, according to manufacturer protocol (BioRad).  Real-Time PCR results were 

normalized to an average of two endogenous controls, 16s rRNA and RNA 

Polymerase Subunit A (RpoA).  Results were generated from three biological 

replicates, each with two experimental replicates.  To determine efficiency co-

efficient of each reaction and primer set, control samples using M. avium genomic 

DNA at .01 ng/μl, 1 ng/ μl and 10 ng/ μl were analyzed.  For Real-Time PCR 

primers, see Appendix 2.1. 

 

PPE25-MAV Operon Analysis.  The presence of PPE25-MAV and MAV_2926 on 

the same transcript was confirmed by inter-gene PCR from cDNA generated for RT-
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PCR analysis.  A reverse transcriptase enzyme negative cDNA prep was used as a 

negative control.  The primers used were the forward primer for PPE25-MAV and 

reverse primer for MAV_2926 used for RT-PCR analysis (Appendix 2.1).  

Bioinformatics analysis of potential operons and terminator sites was performed 

using Softberry software (Softberry, Mount Kisko, NY).   

 

Statistical Analysis.  Each experiment was repeated three times and two technical 

replicates were performed for each of the three experimental replicates.  Technical 

replicates were averaged to yield a single value for each experimental replicate.  The 

results were expressed as the mean ± SD.  Variance between experimental groups 

was assessed by one-way ANOVA.  A P-value of < 0.05 was considered significant. 

 

2.4  Results 

PPE25-MAV interacts directly with MAV_2921 via its C-terminal domain.  To 

identify proteins that directly interact with PPE25-MAV, a bait vector (PUAB400) 

containing the PPE25-MAV gene was screened against a pool of potential interaction 

partners, containing proteins from the ESX-5 region of M. avium, using a 

mycobacterium based 2-hybrid system (M-PFC) (32).  In the initial screen, the 

downstream genes MAV_2927 and MAV_2926, which form a putative operon with 

PPE25-MAV, were included in the bait vector insert.  The prey vectors screened 

included all of the conserved proteins comprising the ESX-5 region (MAV_2933-

MAV_2915) of M. avium (Appendix 2.1).  While the initial screen generated several 

positive colonies, sequencing of those colonies revealed that they originated from 

only one positive interaction, between PPE25-MAV and MAV_2921, which encodes 

an ESAT-6 like protein.  Subsequent screening of the single gene, PPE25-MAV (1-

421), and truncations of PPE25-MAV (PPE25-MAV∆(186-421), PPE25-MAV∆(1-

179, 326-421), PPE25-MAV∆(1-219) and PPE25-MAV∆(1-399)), indicated that the 

interaction between PPE25-MAV and MAV_2921 is mediated by the C-terminal 200 

amino acids of PPE25-MAV.  The interaction between the C-terminal of PPE25-



 43 

MAV (residues 220-421) and MAV_2921 resulted in robust growth, as measured by 

growth rate, while the interaction between full length PPE25-MAV (1-421) and 

MAV_2921 resulted in notably slower growth.  A secondary screen of the pool of 

prey vectors using a bait protein containing MAV_2921, revealed positive 

interactions with both PPE25-MAV and MAV_2922.  This interaction between 

MAV_2922 and MAV_2921, which are CFP-10/ESAT-6 family genes, and the 

standard control vectors, PUAB100 and PUAB200, were used as positive controls.  

The results for the interaction M-PFC 2-hybrid screen between PPE25-MAV and 

MAV_2921 are summarized in Table 2.1 and Figure 2.1.   

 

Protein Co-Precipitation.  To verify the interactions observed in the 2-hybrid 

screen, recombinant proteins comprising full length PPE25-MAV (residues 1-421), 

PPE25-MAV∆(186-421), PPE25-MAV∆(1-179, 326-421) and PPE25-MAV∆(1-

219) were generated in M. smegmatis.  To facilitate ease of expression and 

purification, as well as to replicate the spatial orientation of proteins from the 2-

hybrid screen, all of the bait constructs were generated as C-terminal fusions to a 6X-

His tagged monomeric RFP moiety (Appendix 2.1A) and were expressed in M. 

smegmatis.   Because of difficulties solubilizing and purifying some constructs in 

native conditions, recombinant proteins were extracted in denaturing conditions and 

captured on paramagnetic nickel beads.  After thorough washing, the beads were re-

suspended in denaturing buffer with M. smegmatis lysate containing over-expressed, 

unlabelled MAV_2921 expressed in the PMV261 vector.  M. smegmatis lysate from 

cultures carrying the unmodified expression vector (PMV261) were used as the 

negative control.  Bait proteins were allowed to refold in the presence of excess 

MAV_2921 through sequential dilution of the denaturant.  After thorough washing 

in HBSS, protein laden beads were re- suspended in laemelli buffer, boiled and 

separated via SDS-PAGE.   
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Figure 2.1  Interaction between PPE25-MAV and MAV_2921 in mycobacterial 2-

hybrid system.   A.  Growth of M-PFC M. smegmatis colonies with dual plasmids 

(PUAB300-Prey and PUAB400-Bait) on triple selective media (kanamycin, 

hygromycin and trimethoprim).  Positive interactions between fusion proteins 

encoded on each plasmid confer resistance to trimethoprim.  B.  Protein co-

precipitation identifying PPE25-MAV C-terminus as responsible for interaction with 

MAV_2921.  Bait proteins were expressed in M. smegmatis with N-terminal 6X-

Histidine tags purified on magnetic beads under denaturing conditions.  Bait proteins 

are mRFP only (a), mRFP-PPE25-MAV (full length, residues:  1-421) (b), mRFP- 

PPE25-MAV∆(186-421) (N terminus, residues:  1-185) (c), mRFP- PPE25-

MAV∆(1-179, 326-421) (Mid protein, residues:  180-325) (d), and mRFP PPE25-

MAV∆(1-219) (C terminus, residues:  220-421) (e).  Bait proteins were allowed to 

refold in the presence of M. smegmatis urea-soluble lysate from cultures containing 

either the empty PMV261 vector (left) or PMV261-MAV_2921 (right), encoding an 

unlabelled copy of the ESAT-6 like protein, MAV_2921. 
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Protein bands that appeared consistent with MAV_2921 were excised and positively 

identified as MAV_2921 by mass spectrometry (Appendix 2.1B).  The results 

suggest direct interactions of  PPE25-MAV and PPE25-MAV∆(1-219) with 

MAV_2921, but no apparent interaction between MAV_2921 and PPE25-

MAV∆(186-421), PPE25-MAV∆(1-179, 326-421) or 6X-HIS-mRFP (neg control) 

(Fig. 2.1b). 

 

PPE25-MAV is Found Primarily in the Insoluble Bacterial Fraction.  Several 

studies have indicated that many PPE family proteins are either exported from the 

bacterium or localized to the cell envelope.  A recent analysis of M. avium subsp. 

paratuberculosis, revealed that a well conserved ESX-5 homologue of PPE25-MAV, 

MAP1506, was exposed at the bacterial surface (24).  To assess whether this is also 

true for PPE25-MAV, N-terminal 6X-His tagged constructs of full length and 

truncated PPE25-MAV were generated in M. smegmatis.  PPE25-MAV was 

expressed as an operon (PPE25-MAV/2927/2926), a single gene, PPE25-MAV, and 

several truncations PPE25-MAV∆(201-421), PPE25-MAV∆(1-179, 326-421) and 

(PPE25-MAV∆(1-259) (Appendix 2.1C).  Bacteria expressing recombinant protein 

were mechanically disrupted and all HBSS soluble protein was extracted.  Protein 

remaining in the insoluble fraction was extracted in a denaturing buffer containing 

urea.  Protein fractions were separated via SDS-PAGE and analyzed by Western blot 

to determine the solubility of the various protein constructs.  The results indicate that 

the full length PPE25-MAV is almost entirely in the insoluble fraction and both the 

N-terminal (residues 1-200) and C-terminal (residues 260-421) were seen 

predominantly in the insoluble fraction.  However, the middle truncation (residues 

180-320) and the mRFP control localize primarily to the soluble fraction (Fig. 2.2).   
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Figure 2.2  Cell fractionation indicating that PPE25-MAV is primarily found in the 

insoluble fraction of M. smegmatis.  Western blot analysis of soluble and insoluble 

fractions of M. smegmatis expressing N-terminal 6X-His tagged proteins.  Soluble 

proteins were first extracted by mechanical disruption in HBSS.  Insoluble proteins 

were then extracted in a denaturing urea solution.  Cell envelope and membrane 

localizing proteins tend to remain insoluble in HBSS, while cytoplasmic and secreted 

proteins are readily extracted in HBSS.  Proteins analyzed:  (a) mRFP only, (b) 

mRFP-PPE25-MAV/MAV_2927/MAV_2926 operon, (c) PPE25-MAV (full length, 

residues:  1-421), (d) PPE25-MAV∆(201-421) (N terminus, residues:  1-200), (e) 

PPE25-MAV∆(1-179, 326-421) (Mid Protein, residues:  185-325), (f) PPE25-

MAV∆(1-259) (C terminus, residues:  260-421). 

 

 

Trypsin Shaving Suggests PPE25-MAV is Surface Exposed.  To investigate 

whether PPE25-MAV is exposed at the bacterial surface, M. smegmatis expressing 

PPE25-MAV/2927/2926 with a 6X-His tag at the N-terminus (Appendix 2.1D), was 

subjected to limited trypsin proteolysis to remove surface exposed proteins.  After 

digest, recombinant M. smegmatis was mechanically disrupted in denaturing buffer  
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Figure 2.3  Localization of PPE25-MAV to the surface of the mycobacterial cell 

envelope.  A.  Western blot demonstrating limited trypsin proteolysis of bacterial 

surface proteins cleaves the 6X-His tag on PPE25-MAV.  Samples of M. smegmatis 

expressing N-terminal 6X-His tagged PPE25-MAV/2927/2926 (operon) were 

subjected to brief trypsin proteolysis to digest surface exposed residues.  Samples of 

M. smegmatis expressing 6X-His-mRFP only, a cytoplasmic protein, were used as a 

control for cell lysis.  Samples are visualized and quantified via semi-quantitative 

Western blot on the Licor Odyssey Platform.  B.  Surface biotinylation of M. 

smegmatis expressing PPE25-MAV causes labeling of PPE25-MAV.  Samples of M. 

smegmatis expressing N-terminal 6X-His tagged proteins were surface labeled with 

sulfo-NHS-LC-biotin.  Total protein from each sample was separated and analyzed 

by Western blot for biotinylation (red) and 6X-His moiety (green).  Analyzed 

samples: (a) PPE25-MAV (full length, residues:  1-421), (b) PPE25-MAV∆(201-

421) (N terminus, residues:  1-200), (c) PPE25-MAV∆(1-179, 326-421) (Mid 

Protein, residues:  180-325),  (d) PPE25-MAV∆(1-259) (C terminus, residues:  260-

421), and (e) WT M. smegmatis.  C.  Fluorescent microscopy protein localization of 

mRFP fusion proteins.  Intra-bacterial localization of fusions: mRFP only, mRFP-

PPE25-MAV (full length, residues:  1-421) and mRFP-MAV_2922/2921.  Note the 

polar localization of PPE25-MAV and inner membrane localization of 

MAV_2922/2921, in contrast to the cytoplasmic mRFP. 

 

and the proteins were separated on SDS-PAGE.  Semi-quantitative Western blotting 

demonstrated a significant decrease in labeled PPE25-MAV after trypsin digest 

when compared to a cytoplasmic control (mRFP) (Fig. 2.3B).  This result indicates 

that a significant percentage of the PPE25-MAV protein expressed was located at the 
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bacterial surface, with at least the N-terminal 6X-His tag exposed to the extra-

cellular environment. 

 

Cell Surface Biotinylation Indicates PPE25-MAV is Surface Exposed in an N 

terminal Dependent Manner.  To further analyze the localization of PPE25-MAV, 

6X-His tagged constructs expressed in M. smegmatis cultures were treated with 

Sulfo-NHS-LC-Biotin to label surface exposed proteins.  Bacteria were then washed 

and the proteins isolated by mechanical disruption in a urea-based denaturing buffer.  

Recombinant proteins were purified from each sample using paramagnetic nickel 

beads.  Whole cell lysate samples and affinity-purified recombinant proteins were 

then separated on SDS-PAGE gel and analyzed by Western blot for the presence of 

6X-His (green) and biotin (red) (Fig. 2.3A).  The results indicate that both the 

complete PPE25-MAV protein and PPE25-MAV∆(201-421) are exposed on the cell 

surface, while PPE25-MAV∆(1-179, 326-421), PPE25-MAV∆(1-259) and mRFP 

(control) are not expressed on the bacterial surface.  Consistent with several previous 

observations regarding the trafficking of PPE family proteins (8, 18, 24, 28, 29), this 

result suggests that PPE25-MAV is translocated to the bacterial surface, likely in a 

N-terminus dependent process (4). 

 

PPE25-MAV Localizes to the Polar Region.  Previous research has demonstrated 

that members of the ESX clusters, including PPE family proteins have a tendency to 

localize to the polar region of the bacterium (8).  To assess whether PPE25-MAV 

localizes in a similar fashion, M. smegmatis cultures of three 6XHis-mRFP-fusion 

constructs (mRFP only, mRFP-PPE25-MAV and mRFP-MAV_2922/2921) were 

visualized via fluorescent microscopy (Fig. 2.3C).  A significant proportion of the 

mRFP-PPE25-MAV expressing bacteria exhibited the aforementioned polar 

localization, although some did not show high degrees of localization.  Interestingly, 

the mRFP-MAV_2922/2921 construct, which encodes the WXG100 family proteins 

of ESX-5, appeared to localize evenly to the cell wall.  However, while  
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Figure 2.4  PPE25-MAV, MAV_2927 and MAV_2926 are organized in a poly-

cistronic operon.  A.  Comparative organization of the PPE25-MAV loci in the ESX-

5 region of M. avium and the homologous region in M. tuberculosis and M. 

paratuberculosis.  Diagram indicates the truncation of the M. avium PE protein, 

MAV_2927, compared to its M. tuberculosis homologue, Rv1788.  The diagram also 

indicates the position of the Rho-independent terminator (stem loop icon) that 

concludes the PPE25-MAV operon.  B.  Inter-gene PCR from M. avium  cDNA 

indicates PPE25-MAV and PPE25-MAV are on the same transcript.  The forward 

primer is located within the PPE25-MAV gene and the reverse primer is located in 

the MAV_2926 gene.  The negative control is a reverse transcriptase negative 

sample of the same cDNA preparation.  C.  Visualization and free energy value of 

the stem loop terminator located immediately downstream of the MAV_2926 gene.  

This structure terminates the poly-cistronic transcript that encodes PPE25-MAV, 

MAV_2927 and MAV_2926. 
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these proteins are soluble, they did not appear to be secreted or surface exposed (data 

not shown).  This data suggests that the MAV_2922/2921 complex may associate 

with the cell membrane or cell envelope, but is not surface-exposed in our model 

system.  It is unclear whether these proteins are normally retained, or are only fully 

exported in mycobacteria that contain a functional ESX-5 region.  The mRFP control 

was robustly expressed and remained evenly distributed in the bacterial cytoplasm. 

 

PPE25-MAV is Transcribed in an Operon with MAV_2927 and MAV_2926.  

While the putative structural components of the ESX-5 region are highly conserved 

amongst pathogenic mycobacteria, the PPE and PE family proteins within the ESX-5 

region are highly variable.  PPE25-MAV is immediately adjacent to a truncated PE 

family gene, MAV_2927, whose full length homologue is present in M. tuberculosis 

(Rv1788) but completely deleted in M. paratuberculosis (Fig. 2.4A, 2.4B).  

Interestingly, PPE25-MAV is 56 residues longer than its homologue in M. 

tuberculosis, Rv1787 (421 aa to 365 aa), which is the exact size of the truncation in 

MAV_2927 compared to its homologue, Rv1788 (43 aa to 99 aa).  While at least one 

PPE protein has been shown to form a heterodimer with an adjacent PE protein 

(185), the operonic organization of PPE and PE proteins has fueled speculation that 

many of these proteins form similar heterodimers.  This potential transfer of 

information from MAV_2927 to PPE25-MAV suggests a consolidation of function 

into a single protein unit and raises the possibility that PPE25-MAV may not require 

a PE pair for proper folding or function.  Complicating this analysis, M. avium has a 

total of three additional PPE family genes in the immediate vicinity to PPE25-MAV, 

all of which are close homologues.  In contrast, M. tuberculosis has only 2 additional 

PPE family proteins, while M. paratuberculosis has one additional PPE family 

protein.  Analysis with operon finding software (Softberry, Mount Kisko, NY) 

suggests that PPE25-MAV, MAV_2927 and MAV_2926 are produced on a single  



 51 

 

Figure 2.5  Real-Time PCR analysis of PPE25-MAV and MAV_2926 expression in 

response to different culture conditions.  Real-Time PCR gene expression values for 

PPE25-MAV and MAV_2927.  Samples were cultured for 12 h at 37°C in liquid 

media.  Results represent the averages of three experimental replicates.  Data was 

standardized to two controls, 16S RNA and RNA polymerase A.  A P value of < .05 

is indicated by *. 

 

poly-cistronic transcript.  Furthermore, a bioinformatics search for putative 

terminators revealed the presence of a robust Rho-independent terminator site ~50 

base pairs downstream of the stop codon for MAV_2926 (Fig. 2.4C).  Inter-gene 

PCR between PPE25-MAV and MAV_2926, using M. avium cDNA as a template, 

confirmed that these three genes were present on the same transcript, likely 

constituting an operon (Fig. 2.4C, Appendix 2.1E).   

 

The PPE25-MAV Operon is Upregulated in Response to Nutrient Limited 

Conditions. Previous research has indicated that PPE25-MAV is minimally 
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expressed in normal in-vitro culture conditions, but is up-regulated after 

phagocytosis (22).  To better understand what factors might be involved in regulating 

this response, expression of PPE25-MAV and MAV_2926 were analyzed by Real-

Time PCR following several culture conditions.  Levels of transcript of these two 

genes were assessed in M. avium 109 after 12 h of culture in standard media (7H9 + 

10% OADC, pH 6.8), standard media supplemented with 1 mM Fe
2+

, acidified 

standard media (pH 5.8), basified standard media (pH 7.8), saline (diH2O + 150 mM 

NaCl) and diH2O.  Real-Time results indicated that all culture conditions utilizing 

standard media produced minimal expression levels of PPE25-MAV and 

MAV_2926, consistent with previous research (22).  However, both the saline and 

diH2O exhibited a moderate, albeit significant increase in expression of the PPE25-

MAV operon (Fig. 2.5).  This result suggests that expression of PPE25-MAV and 

MAV_2926 is repressed in the presence of nutrients, ions, lipids or other factors 

which are less abundant in the early phagosome.  Interestingly, it was observed in 

preliminary screens of other PPE (MAV_2925, MAV_2924, MAV_2914 and 

MAV_2913), PE (MAV_2923 and MAV_2915)  and WXG100 (MAV_2922 and 

MAV_2921) family genes associated with the ESX-5 region, that while the 

CFP/ESAT family genes were robustly expressed in all conditions, the PPE and PE 

family genes appeared to be differentially regulated (data not shown).  This result 

suggests that M. avium may modulate the ratios between closely related ESX-5-

associated PPE and PE family proteins in response to changing environmental 

conditions. 

 

2.5  Discussion 

 Pathogenic mycobacteria are known to subvert their hosts by exporting proteins 

that interfere with host immune recognition and response systems (1, 2).  To 

facilitate export of these proteins through thick, lipid-rich cell envelopes, the 

genomes of pathogenic mycobacteria species encode up to five copies (ESX-1 to 5) 

of a specialized Type VII Secretion System (T7SS).  Mycobacterial T7SS systems 
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have been shown to be necessary for export of several families of proteins, including 

PPE, PE, WXG100 homologues (4, 10, 17).  In many cases, disruptions in either the 

T7SS systems or their substrates have been shown to diminish bacterial fitness, 

decrease virulence or cause lethality (2, 16, 31).  In this study, we investigated the 

mechanisms by which a PPE gene, PPE25-MAV, promotes intracellular survival of 

M. avium.  Expanding on previous data showing that a loss of PPE25-MAV inhibits 

the intracellular viability of M. avium (20, 22), our data indicate that PPE25-MAV 

directly interacts with an ESAT-6 family protein, MAV_2921, that PPE25-MAV is 

translocated to the bacterial surface and that it is expressed in response to the nutrient 

limited conditions found in the phagosome.  This data indicates that PPE25-MAV 

may play a role in mediating interaction with the host at the bacteria-phagosome 

interface, either directly, through its association with MAV_2921 or through 

additional mechanisms. 

 Pathogenic mycobacteria contain up to five well-conserved loci encoding T7SSs, 

ESX1-5.  Of these five, both ESX-1 and ESX-5 have been shown to play important 

roles in bacterial pathogenesis (3, 15, 17).  ESX-1, the most extensively studied loci, 

appears responsible for secretion of small soluble proteins, such as the CFP-

10/ESAT-6 dimer and EspA (10, 14), while ESX-5 has been shown to be responsible 

for export of several PPE and PE family proteins (2, 4), many of which are quite 

large and poorly soluble.  Interestingly, M. avium lacks the ESX-1 region, but is able 

to maintain virulence, in contrast to M. marinum and M. tuberculosis strains that 

have undergone a disruption in their respective ESX-1 regions (21).  Two-hybrid 

screening of potential interactions between PPE25-MAV and other members of the 

ESX-5 loci revealed an interaction with MAV_2921, but failed to identify additional 

proteins as binding partners.  The interaction between the M. tuberculosis PPE 

protein, Rv3873, and the WXG100 protein, Rv3875, which are both components of 

the ESX-1 region, has been previously described (25, 35).  While Rv3873 and 

Rv3875 differ from PPE25-MAV and MAV_2921, this new data supports the 

possibility of a functional relationship between PPE and WXG100 family proteins 
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within their respective ESX loci.  Furthermore, 2-hybrid and in-vitro co-precipitation 

analysis of PPE25-MAV truncations suggest that this protein-protein interaction is 

mediated by the variable C-terminal domain of PPE25-MAV.   

 While the highly varied nature of the C-terminus of PPE and PE family proteins 

suggest a diverse array of functions, both PPE and PE proteins are characterized by a 

highly conserved N-terminal domain (16).  X-ray crystallography of the M. 

tuberculosis PE/PPE pair, Rv2431c/30c, revealed that both the PPE and PE motifs 

are likely exposed (34).  Previous research has indicated that these motifs may 

represent signal sequences or be chaperone binding sites involved in protein export.  

This conclusion is supported by the work of Abdallah and colleagues, who 

demonstrated the necessity of a functional ESX-5 region in the export of several 

members of the PPE and PE families (2-4).  However, since all mycobacteria encode 

PPE and PE proteins, yet not all mycobacteria have both ESX-1 and ESX-5 regions, 

it appears possible that there is some diversity and overlap of export substrates 

between the various ESX loci.  Saprophytic mycobacteria generally lack the ESX-5 

region and encode fewer PPE and PE family genes, and those retained genes tend be 

ancestral homologues located within the ESX loci (16).  M. smegmatis lacks the 

ESX-5 loci and has been shown to be deficient in the export of Rv2430c/2431c, a 

well-defined soluble PPE/PE pair that is absent in M. avium (3).  In contrast to that 

observation, the protease protection and surface biotinylation experiments performed 

in this study indicate that PPE25-MAV is exported to the surface of M. smegmatis 

where it associates with the mycobacterial cellular envelope.  The possibility that the 

surface localization of PPE25-MAV in M. smegmatis results from incomplete 

secretion due to the lack of a functional ESX-5 region, remains to be explored.  

Conversely, while these PPE family proteins vary in sequence, solubility and 

structure, this result may also support an alternative processing and export pathway, 

perhaps utilizing the apparatus encoded by the ancestral ESX-1 loci.  Consistent with 

previous observations, analysis of PPE25-MAV truncations demonstrates that the 

translocation of PPE25-MAV is dependent on the highly conserved N-terminal 
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domain of the protein.  Cell fractionation analysis shows that PPE25-MAV is present 

predominantly in the insoluble fraction, likely firmly complexed with components of 

the cell envelope.  

 Previous studies have demonstrated that co-expression of many PPE proteins and 

their cognate PE proteins leads to the production of a soluble heterodimer (34).  

However, in our 2-hybrid analysis, PPE25-MAV failed to show a positive interaction 

with either of the two PE proteins in close proximity, MAV_2927 and MAV_2923 

(data not shown).  Furthermore, expression of the PPE25-MAV/2927/2926 operon 

(Fig. 2.2), as well as co-expression of PPE25-MAV with both of the proximate PE 

proteins, MAV_2927 and MAV_2923, did not lead to a soluble product in either M. 

smegmatis or E. coli (data not shown).  This result is consistent with bioinformatics 

analysis that indicates that the majority of expected surface exposed residues of 

PPE25-MAV, based on structural homology with other PPE family proteins, are non 

polar amino acids (data not shown).  In total, our data suggests that PPE25-MAV is 

present at the bacterial surface, likely embedded in the bacterial envelope. 

 Bioinformatics analysis of PPE25-MAV suggested that PPE25-MAV is 

transcribed on a poly-cistronic transcript that also contains a PE family protein, 

MAV_2927 and a PPE family protein, MAV2926.  This possibility was confirmed 

by inter-gene PCR demonstrating a transcriptional linkage.  This operon is followed 

by an energetically robust transcriptional terminator loop, making further 

downstream transcription unlikely.  Comparison between M. tuberculosis, MAH and 

MAP revealed a rapidly evolving region within the highly stable ESX-5 loci.  This 

comparison also hints at a potential transfer of function from MAV_2927 to PPE25-

MAV.  The MAV_2927 protein (43 aa) is 56 residues smaller than its M. 

tuberculosis homolog, Rv1788 (99 aa), which is exactly how much larger PPE25-

MAV (421 aa) is in relation to its homolog, Rv1787 (365 aa) .  Furthermore, the 

elimination of the MAV_2927 homolog in M. paratuberculosis, which also has the 

larger species of the PPE25-MAV homolog, MAP1505 (421 aa), suggests that 

MAV_2927 may be unnecessary or redundant.  The deletion in MAV_2927 is 
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expected to remove the predicted alpha-helical structure that has been shown to be 

important for complexing a PE protein with its coordinate PPE protein (34).  Taken 

together, these observations raise the possibility that the PPE protein PPE25-MAV 

may not require a cognate PE protein to assume its mature conformation or function. 

 Upregulation of PPE25-MAV at the transcriptional level has been previously 

observed during intra-cellular growth of M. avium (22).  To better understand the 

conditions within the phagosome that trigger up-regulation of PPE25-MAV, 

expression of PPE25-MAV and the co-expressed gene MAV_2926 were assessed via 

Real-Time PCR in response to pH changes, iron supplementation and nutrient 

deprivation.  Interestingly, a condition well known to drive changes in gene 

expression, phagosomal acidification, appeared to have minimal effect on levels of 

PPE25-MAV and MAV_2926 transcription.  Instead, PPE25-MAV and MAV_2926 

were significantly up-regulated in response to nutrient deprivation, both in a 

hypotonic and isotonic environment.  It was also observed in preliminary screens that 

while the WXG100 family proteins, MAV_2922 and MAV_2921, were robustly 

expressed, the other PPE and PE family genes in the ESX-5 region were 

differentially expressed in response to the conditions assayed.  While this data 

requires additional validation, it is consistent with a model in which environmental 

changes modulate the ratios of closely related PPE and PE family proteins.  This 

modulation may play a role in evasion of the host system, be involved in adaptation 

to new environments, nutrient acquisition or have a completely novel function.   

 In conclusion, the data presented here provides some new insights into previous 

observations that have shown the necessity of the ESX-5 region in mycobacterial 

virulence.  In M. avium, the loss of virulence and intra-cellular survival associated 

with an inactivation of PPE25-MAV has provided an important area of focus that 

could yield new drug targets capable of diminishing M. avium pathogenesis.  

Although M. avium differs markedly from other pathogenic mycobacteria, similar 

results from the disruption of the ESX-5 region in other mycobacterial species 

suggest a critical role for this well-conserved T7SS loci.  Our data contributes to 
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previous observations of interactions between PPE and WXG100 family proteins, 

and expands on the potential role of PPE25-MAV in M. avium pathogenesis.  The 

direct interaction between these proteins may be especially important for M. avium, 

as it lacks the ESX-1 loci, which is thought to encode the primary export system for 

many of the WXG100 family proteins in pathogenic mycobacteria.  With extensive 

duplications, large overall populations and well conserved protein structures, it 

appears likely that protein interactions between PPE, PE and WXG100 family 

proteins are more promiscuous than their operonic organization would suggest.  It is 

possible that this enormous potential complexity underwrites the incredible success 

of M. avium and other pathogenic mycobacteria as pathogens. 
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TABLE 2.1  Summary of interactions from the PPE25-MAV 2-Hybrid screen against 

components of the ESX-5 region of M. avium. 

PUAB400 Bait Vector PUAB300 

Empty 

PUAB300-

MAV_2921 

PUAB300-

MAV_2922 

PUAB400 Empty Neg Neg Neg 

PPE25-MAV/27/26 Neg Pos Neg 

PPE25-MAV Neg Pos Neg 

PPE25-MAV∆(186-421) Neg Neg Neg 

PPE25-MAV∆(1-179, 

326-421) 

Neg Neg Neg 

PPE25-MAV∆(1-219) Neg Pos Neg 

PPE25-MAV∆(1-399) Neg Neg Neg 

MAV_2921 Neg Neg Pos 

MAV_2922 Neg Pos Neg 

Neg:  No growth 

Pos:  Growth   
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3.1  Abstract 

Mycobacterium avium subsp. hominissuis (M. avium) is a robust and pervasive 

environmental bacterium that can cause opportunistic infections in humans. The 

bacterium overcomes the host immune response and is capable of surviving and 

replicating within host macrophages. Little is known about the bacterial mechanisms 

that facilitate these processes, but it can be expected that surface-exposed proteins 

play an important role.   In this study, biotinylation of surface-exposed proteins, 

streptavidin-affinity purification and shotgun mass spectrometry were used to 

characterize the surface-exposed proteome of M. avium.  This analysis identified 125 

proteins exposed at the bacterial surface of M. avium.  Comparisons of surface-

exposed proteins, between conditions simulating early infection, identified several 

groups of proteins whose presence on the bacterial surface was either constitutive, or 

unique to specific culture conditions.  This proteomic profile facilitates an improved 

understanding of M. avium and how it establishes infection.  Additionally, surface-

exposed proteins are excellent targets for the host adaptive immune system and their 

identification can inform the development of novel treatments, diagnostic tools and 

vaccines for mycobacterial disease.    
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3.2  Introduction 

Characterization of the surface-exposed proteome of a cell provides key insights into 

its nature.  Surface-exposed proteins play a fundamental role in both how a cell 

interacts with its environment and how it is perceived by other cells.  For infectious 

bacteria, surface proteins are essential components of many aspects of pathogenesis 

[205, 206].  Host specificity, adhesion, invasion, molecular transport and 

antimicrobial resistance are processes known to be directly mediated by proteins 

present at surface interface [207-210].  These proteins are also the primary target of 

the host immune system.  Effective cellular and humoral immune responses depend 

on targeting accessible molecules, which tend to be on the surface of a pathogen 

[211].  With respect to mycobacteria, putative and known surface-exposed proteins 

comprise a substantial proportion of antigens observed in comprehensive screens 

using sera from mycobacterium-infected hosts [212-215].   Characterization of these 

proteins improves our understanding of bacterial pathogenesis and host immunity, 

providing insights that can lead to new diagnostic tools and vaccines [211, 216].  

 Mycobacterium avium subsp. hominissuis is a common environmental 

pathogen and a major source of disseminated mycobacterial disease in immune-

compromised individuals [217].  It is closely related to another pathogenic member 

of the Mycobacterium avium complex (MAC), Mycobacterium avium subsp. 

paratuberculosis (M. paratuberculosis).  M. avium also shares many genetic and 

structural features with its virulent relatives, Mycobacterium tuberculosis and 

Mycobacterium marinum.  Capable of surviving within a hijacked phagosome, M. 

avium replicates within host macrophages [218].  Like other pathogenic 

mycobacteria, M. avium interferes with the typical process of vacuole maturation and 

establishes a stable niche.  It is likely that, along with fully secreted molecules, 

proteins expressed on the bacterial surface play a role in the intracellular processes 

associated with survival and persistence.  Despite residing within a vacuole for the 

majority of the intracellular phase of infection, very little is known about the 

interaction between M. avium and the host phagosome.  Possible interference with 
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the activation of toll-like receptors (TLRs), inactivation of host antimicrobial 

responses and modulation of molecular transport into and out of the vacuole are all 

functions that may be mediated by surface proteins [219]. 

 In this study, we employed an emerging technological approach to 

characterize the surface-exposed proteome of M. avium that was cultured in 

conditions simulating early infection.  The combination of selective biotinylation of 

surface-exposed proteins, affinity purification and “shotgun” mass spectrometry, is a 

powerful tool that can generate a high-resolution snapshot of the surface proteome of 

a cell [220-222].  While this technological approach has been applied to a range of 

eukaryotic and prokaryotic cells, including several species of pathogenic bacteria 

[223-225], it has not been used to characterize the surface proteome in mycobacteria.  

In this report, we harness the technology to analyze the surface-exposed proteome of 

M. avium, focusing on the earliest stages of macrophage infection.  Combining all 

experimental conditions, our results identified a total of 125 proteins on the surface 

of M. avium.  Within this total population, our analysis identified a set of “core 

proteins” that were present in all conditions, as well as several sets of proteins whose 

presence at the bacterial surface appear to be dependent on the experimental 

condition.  The comparison of these results with previously reported surface-exposed 

proteome data from other mycobacterial species revealed that the majority of the 

proteins identified in this study have homologs across the genus that are known to be 

secreted, surface-exposed or cell-wall-associated proteins.  Furthermore, the proteins 

identified in this screen are disproportionately represented among the population of 

proteins that have previously been identified as antigens in mycobacterial infection.  

Taken together, this characterization of the M. avium surface-exposed proteome both 

supports these previous reports and significantly expands our understanding of the 

earliest stages M. avium pathogenesis.   
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3.3  Materials and Methods 

Preparation of macrophage and M. avium cultures.  RAW 264.7 cells (a mouse 

macrophage cell line) were purchased from ATCC (Manassas, VA).  Adherent RAW 

264.7 cells were cultured in DMEM supplemented with 10% (vol/vol) fetal bovine 

serum, in 300 cm
2
 glass trays, to a confluency of ~50%.  Prior to the start of the 

experiment, M. avium strain 109 (a clinical isolate from the blood of an HIV/AIDS 

patient) was cultured in 200 ml of Middlebrook 7H9 broth (Difco, Sparks MD) 

supplemented with 10% (vol/vol) OADC (Hardy Diagnostics, Santa Maria CA) 

broth at 37°C with constant agitation.  To initiate the experiment, bacteria were 

harvested by centrifugation at 4,000  g and washed twice with Hank’s Buffered Salt 

Solution (HBSS) (Invitrogen, Carlsbad CA).  Bacteria were re-suspended in 40 ml of 

HBSS and separated into eight equal (5 ml) aliquots.  

 

Experimental culture conditions.  For media-only experimental conditions 

(Middlebrook 7H9 broth and DMEM), the 5 ml aliquot was added to 30 ml fresh 

media in a 50 ml tube and placed in an incubator at 37°C with gentle shaking.  For 

macrophage-exposed bacteria, each aliquot of washed bacteria was split among four 

trays of macrophages for a final MOI of ~10.  Samples were harvested at 24 and 48 

hours post infection.  Extra-cellular bacteria (ECB) were isolated from infected 

macrophage cultures first.  For the purpose of this study, ECB are defined as M. 

avium incubated with macrophage cells, but not phagocytosed.  To isolate ECB, 

infected macrophage cultures were washed with HBSS three times to remove any 

bacteria that were not inside adherent cells.   This wash solution was combined and 

centrifuged (1,500  g for 10 min) to pellet the bacteria and any non-adherent 

macrophage cells.  Next, intra-cellular M. avium bacteria (ICB) were isolated from 

infected macrophages.  For the purpose of this study, ICB was defined as M. avium 

that were incubated with, and phagocytosed, by the cultured macrophages.  To 

isolate ICB, the infected macrophages were incubated for 5 min in cold Differential 
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Lysis Buffer (DLB) (90% H20, 9.8% (vol/vol) glycerol, 0.1 % (vol/vol) Triton X-

100, 0.1% (vol/vol) Tween-20.  This buffer disrupts the membranes of RAW 264.7 

cells but not those of the M. avium, which are shielded by the robust mycobacterial 

cell envelope.  The cells were scraped, completely removing all material, and 

combined into 50 ml centrifuge tubes.  The samples were shaken and centrifuged at 

(1,500  g for 15 min).  This centrifugation collected both the bacteria and 

significant cell debris.  The pellet was resuspended in 5 ml, and transferred to clean 

tubes.  Bacteria were isolated from cell debris by differential centrifugation in DLB.  

First, the majority of large cell debris was pelleted by low-speed centrifugation (100 

 g for 2 min).  Supernatant (containing bacteria in suspension) was transferred to 

clean tubes.  This sequence of low and high speed centrifugation was repeated an 

additional two times.  Bacteria were pelleted by centrifugation (4,000  g for 5 min) 

and supernatant was discarded.  Next, bacteria were washed twice with BupH-PBS 

(150 mM NaCl, 100 mM Na2HPO4, pH 7.3) prior to biotin labeling.  Samples from 

media only culture conditions were collected by centrifugation and washed in the 

same fashion. 

 

Biotin labeling and purification of M. avium surface proteins.  Bacterial pellets 

were resuspended in 1 ml of BupH-PBS.  To biotinylate surface-exposed proteins, 

500 μl of Sulfo-NHS-LC-Biotin (Pierce, Rockford IL) was added at a concentration 

of 1 mg/ml in BupH-PBS to each sample.  Bacteria were biotin-labeled for 20 min at 

23°C with gentle agitation.  After labeling, bacteria were washed twice with BupH-

PBS supplemented with glycine (10 mg/ml) and two times with plain BupH-PBS to 

inactivate and remove any unbound Sulfo-NHS-LC-biotin.  Labeled bacteria were 

resuspended in Urea Lysis Buffer (ULB) (140 mM NaCl, 20 mM Na2HPO4, 7 M 

urea, 0.05% (vol/vol) Tween-20, 0.1% [wt/vol] deoxycholic acid, pH 7.2) and 

disrupted by bead milling with 100 μm glass beads (Sigma, St. Louis MO).  After 

disruption, samples were centrifuged (12,000  g for 10 min) to remove particulates 

and other insoluble components and the supernatant was transferred to a clean tube 
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to be used for purification.  Prior to affinity capture, samples were diluted 1:3 with 

WB-PBS (140 mM NaCl, 20 mM Na2HPO4, 0.05% (vol/vol) Tween-20, pH 7.2).  

Samples in this adjusted buffer, Urea Incubation Buffer (UIB) (140 mM NaCl, 20 

mM Na2HPO4, 1.75 M urea, 0.05% (vol/vol) Tween-20, 0.025% [wt/vol] 

deoxycholic acid, pH 7.2), were used for streptavidin-affinity purification.  

Biotinylated protein was purified from total protein by affinity purification with 

magnetic streptavidin-coated Dynabeads C1 (Invitrogen).  Briefly, aliquots of 1.5 ml 

of biotinylated protein solution were incubated for 30 min at 23°C with 80 µl of 

Dynabeads C1.  Samples were washed three times with 1 ml of UIB, twice with 1 ml 

WB-PBS and once with 1 ml of ammonium bicarbonate buffer (ABB) (50 mM 

NH4HCO3, pH 7.8).  Samples were re-suspended in 50 µl ABB and digested with 

Trypsin Gold and ProteaseMAX, according to manufacturer instructions (Promega, 

Madison WI). 

 

Preparation of negative controls.  To eliminate non-specific background and 

endogenously biotinylated proteins, samples of M. avium were isolated from the 

conditions described above for use as negative controls.  These samples were 

processed in the previously described manner, with the addition of Sulfo-NHS-LC-

Biotin omitted.  Data from negative controls were pooled to create a master list of 

false positive identification and these proteins were then subtracted from the 

experimental data sets.  The master list used for this negative control is included as 

Appendix 2.2B.  

 

Peptide purification, proteolysis and LC-MS/MS analysis.  Following enzymatic 

proteolysis, magnetic stands were used to remove the beads from the completed 

digests.  Peptides from the resulting supernatant were purified and desalted on C-18 

reverse phase columns according to manufacturer instructions (Sartorius, Goettingen 

Germany).  After purification, peptides were dehydrated by speed vacuum and 

resuspended to a final concentration of approximately 500 ng/μl in MS Loading 
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Buffer (95% H20, 5% (vol/vol) ACN, 0.1% (vol/vol) formic acid).  Data dependent 

LC-MS/MS analyses were performed on LTQ-FT Ultra mass spectrometer with 

IonMax ion source (Thermo, West Palm Beach FL) coupled to a nanoAcquity Ultra 

performance LC system (Waters, Milford MA) equipped with a Michrom Peptide 

CapTrap column and a C18 column (Agilent Zorbax 300SB-C18, 250 x 0.3 mm, 5 

μm). A binary gradient system was used consisting of solvent A (0.1 % aqueous 

formic acid) and solvent B (ACN containing 0.1% (vol/vol) formic acid). Next, 2 µl 

of C-18 column purified peptides were trapped and washed with 3% solvent B at a 

flow rate of 5 µl/min for 3 min. Trapped peptides were then eluted into an analytical 

column using a linear gradient from 3% B to 30% B at a flow rate of 4 μl/min over 

35 minutes. Column was maintained at 37°C during the run. The mass spectrometer 

was operated in a data-dependent acquisition mode. A full FT-MS scan (m/z 350-

2000) was alternated with CID MS/MS scans of the 5 most abundant doubly or triply 

charged precursor ions. As the survey scan was acquired in the ICR cell, the CID 

experiments were performed in the linear ion trap where precursor ions were isolated 

and subjected to CID in parallel with the completion of the full FT-MS scan. CID 

was performed with helium gas at a normalized collision energy 35% and activation 

time of 30 ms. Automated gain control (AGC) was used to accumulate sufficient 

precursor ions (target value, 5 x 10
4
/micro scan; maximum fill time 0.2 s). Dynamic 

exclusion was used with a repeat count of 1 and exclusion duration of 60 s. Data 

acquisition was controlled by Xcalibur (version 2.0.5) software (Thermo). 

 

Database search.  Thermo data files were processed with Proteome Discoverer 

version 1.2 using default parameters.  A Mascot (version 2.2.04) search against 

whole SwissProt 2010 database (523151 sequences; 184678199 residues) or a M. 

avium (strain 104) database (obtained from UniProt; 5040 sequences; 1586464 

residues) was launched from Proteome Discoverer with the following parameters: 

The digestion enzyme was set to Trypsin/P and two missed cleavage sites were 

allowed. The precursor ion mass tolerance was set to 5 ppm, while fragment ion 
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tolerance of 0.8 Da was used. Dynamic modifications included carbamidomethyl 

(+57.0214 Da) for Cys and oxidation (+15.9994 Da) for Met.  Data from two 

experimental replicates was combined with MudPIT (Multidimensional Protein 

Identification Technology) and identified proteins from each sample were 

summarized with Scaffold 3 software (Proteome Software, Portland Oregon).  

Inclusion of a protein in the final data set required at least one condition with two 

unique peptide identifications per protein and a minimum protein identification 

probability of 95%, as calculated by Scaffold 3.   

 

Sequential fractionation and western blotting.  To assess the solubility of biotin-

labeled proteins, three test samples (one negative control and two experimental 

samples (DMEM and 7H9)) were subjected to sequential fractionation. Briefly, 

samples were prepared, washed and disrupted as described above.  Each extraction 

was repeated twice.  First, BupH-PBS soluble proteins were extracted and the 

remaining material (insoluble in BupH-PBS) was pelleted by centrifugation at 

(12,000  g for 20 min).  Pellets were then resuspended ULB and incubated at 37°C 

for 10 min, with vigorous agitation.  Soluble proteins were again separated by 

centrifugation (12,000  g for 20 min) and the supernatant (containing ULB-soluble 

proteins) was transferred to a clean tube.  The remaining pellets were resuspended in 

laemelli SDS-PAGE  buffer and heated to 95°C for 10 min.  Protein concentrations 

were equilibrated between samples and the proteins were separated by SDS-PAGE.  

Following SDS-PAGE separation, proteins were electrophoretically transferred to 

nitrocellulose membranes in preparation for western blot analysis.  IRDye-680 

streptavidin (Licor, Lincoln Nebraska) was used to probe membranes, following 

manufacturer protocol.  Biotinylation patterns were visualized on an Odyssey 

Scanner (Licor). 

 

Functional Classification of Identified Proteins.  Where a direct homolog between 

an identified M. avium protein and its counterpart in M. tuberculosis existed, 
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functional annotations were drawn from the Tuberculist database [226].  For the 

purposes of this study, “direct homologs” were defined as those proteins having 

greater than 75% identity.  Where a direct homolog in M. tuberculosis was absent, 

annotations were assigned based on Blast and literature searches.  Comprehensive 

information about the peptides and proteins detected, as well as information 

regarding the presence and identification of the direct orthologs for the M. avium 

proteins identified in this study are detailed in Appendix 2.2A. 

 

3.4  Results 

Selective biotinylation of surface-exposed proteins.  The membrane 

impermeability and selective labeling of surface proteins by Sulfo-NHS-LC-Biotin 

has already been demonstrated in a wide range of prokaryotic and eukaryotic cells 

[220, 223, 227].  Because of the extensive washing required by methodology utilized 

in this study, biotin-labeled proteins were expected to be firmly associated with the 

bacterial cell envelope.  To confirm the selective biotinylation of this group of 

proteins, samples of Sulfo-NHS-LC-Biotin labeled M. avium were subjected to 

sequential fractionation and analyzed by anti-biotin western blot (Figure 3.1A).  

Most cytoplasmic proteins were expected to be soluble in BupH-PBS, while most 

membrane and cell wall associated proteins were expected to be solubilized in ULB, 

which contains detergents and urea.  The remaining, insoluble fraction was expected 

to be enriched in proteins that are highly hydrophobic, post-translationally modified, 

tightly complexed with non-soluble components, or otherwise resistant to 

solubilization.  The results of sequential fractionation demonstrate that the large 

majority of biotin-labeled proteins are indeed solubilized only with the addition of 

urea and detergent (Figure 3.1).  In contrast, relatively few proteins in the BupH-PBS 

and insoluble fractions were labeled with biotin.  However, the presence of some 

biotinylated protein in the remaining insoluble fraction suggests that some surface-

exposed proteins were not amenable to the methods used in this study.  Overall, the 

enrichment of biotinylated proteins in the ULB-soluble fraction suggests that the 
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majority of biotin-labeled proteins are membrane or cell wall associated and that 

cytoplasmic M. avium proteins were not significantly biotinylated.  

 

 Total protein identification.  In total, our analysis identified 125 putative surface-

exposed proteins (complete list of identified proteins can be found in Appendix 

2.2A).  The identified proteins were distributed among a variety of functional 

classifications (Figure 3.2A).  Many previously described surface-exposed or 

secreted antigens were identified in this study, including the antigen-85 complex 

(ag85A, MAV_0214; ag85C, MAV_0215; ag85B, MAV_2816), heparin binding 

hemagglutinin (hbha, MAV_4675), and superoxide dismutase (sodA, MAV_0182).  

The most abundant functional category among the identified proteins were those 

classified by Tuberculist as “Intermediary Metabolism and Respiration”, which is an 

expansive and nebulous grouping.  As expected, proteins that are expected to be 

involved in cell wall biogenesis and maintenance are well represented.  Also 

abundant were a range of proteins with putative nucleotide binding functions, 

including many ribosomal proteins. Ten genes functionally grouped by Tuberculist 

as virulence-related were identified.  These included multiple proteins that play a 

role in the response to stress and host oxidative responses, such as catalase (katG, 

MAV_2753), alkylhydroperoxide reductase (ahpC, MAV_2839) and universal stress 

family proteins (MAV_2506 and MAV_3137).   

 To assess the relevance of these results, the proteins identified in this screen 

were cross-referenced against the surface-exposed proteins identified in published 

analyses of related mycobacterial species.  This previous work employed either 

trypsin-shaving or cell envelope solubilization to selectively isolate and identify 

proteins and peptides from the surface of several species of Mycobacterium, 

including M. avium subsp. paratuberculosis, M. smegmatis and M. tuberculosis [197, 

228].  In each cases, this comparison revealed considerable overlap between these 

previously identified proteins, and the M. avium surface-exposed proteins observed 
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Figure 3.1  Biotinylation patterns of M. avium proteins separated by solubility.  

Protein was analyzed from three M. avium samples; one negative control (not 

biotinylated) and two experimental samples (biotinylated).  Protein was isolated on 

the basis of solubility, in three consecutive extractions.  The first extraction was 

performed in BupH-PBS and isolated primarily PBS soluble proteins that are 

expected to be soluble in native conditions (Lanes 1-3). The pellet remaining from 

the first extraction was resuspended in ULB, which was expected to solubilize most 

of the membrane and cell envelope associated proteins (Lanes 4-6).  The pellet 

remaining after extraction of ULB soluble proteins was resuspended in laemelli 

buffer and heated to 95°C for 10 min, to extract as much of the remaining protein as 

possible (Lanes 7-9).  A.  Anti-biotin western blot indicates that the majority of the 

biotin-labeled protein was present in the ULB fraction.  Some signal was detected in 

the insoluble fraction, indicating that some surface-exposed proteins were likely 

unidentifiable in this study.  The negative control shows minimal staining, 

suggesting low levels of endogenous biotinylation.  B.  Silver stained SDS-PAGE 

gel of same protein samples. 
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in this study, (Figure 3.2B).  Expanding the scope of this cross-reference analysis to 

include proteins identified in analyses of membrane, cell wall and secreted proteins 

of M. marinum, M. paratbuberculosis, and M. tuberculosis, reveals that ~90% of the 

proteins identified in our analyses are close homologues of proteins previously 

shown to be membrane and/or cell wall associated [197, 204, 211, 229-231] 

(Appendix 2.2A).  

 

Core surface proteins of M. avium.  Expanding on the primary goal of defining the 

overall surface-exposed proteome of M. avium, the second objective of this study 

was to identify changes in the surface-exposed proteome that occur during the initial 

stages of macrophage infection.  While it is known that mycobacteria adapt to 

pathogenic growth conditions by modulating several aspects of their transcriptome 

and proteome, the scope and substance of this remodeling are poorly understood in 

M. avium [146, 199, 204, 232].  Western blot analysis of the biotinylation pattern of 

total protein from each experimental condition revealed similar overall patterns of 

labeled proteins between samples (Figure 3.3).  This lack of major changes in the 

surface proteome at the early timepoints assayed in this study is not particularly 

surprising, due to the relatively slow growth rate of M. avium.  The western blot 

results are consistent with the mass spectrometry data, which indicates that many of 

the proteins identified in our analysis are present on the surface of M. avium in most, 

or all, of the experimental conditions.  These consistently identified proteins may 

represent a set of “core proteins,” which are likely to be abundant, easily detected 

and consistently expressed (Table 3.1).   For the purposes of this study, “core 

proteins” were defined as proteins that were identified in at least seven of the eight 

conditions tested.  Approximately 28% (35/125) of the proteins identified in this 

study met this standard.  Among the other core proteins identified in this analysis  
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Figure 3.2  Functional grouping and inter-study cross-referencing of identified 

surface-exposed proteins.  A.  Distribution of functional annotations of identified M. 

avium surface-exposed proteins.  Direct homologues of all M. avium proteins 

identified in this study were identified for M. tuberculosis, M. paratuberculosis, M. 

smegmatis and M. marinum (Appendix 2.2).  Functional classification for identified 

M. avium proteins was assigned, were applicable, by using the annotated functional 

grouping of the M. tuberculosis homolog in the Tuberculist database.  B.  Venn 

diagram illustrating overlap between surface proteins identified in published studies 

of the surface-exposed proteomes of M. paratuberculosis, M smegmatis and M. 

tuberculosis, and the data presented here for M. avium.  The data sets for M. 

smegmatis and M. tuberculosis employed selective solubilization to isolate surface 

proteins and included only the twenty five most abundant surface proteins.  The data 

for M. paratuberculosis employed a trypsin-shaving approach and included all 

confidently identified surface proteins [197, 198, 204, 228-231] 
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were representatives of several distinct functional groups.  Multiple genes implicated 

in pathogenesis fall into the category of “core proteins,” including antigen-85B 

(ag85B, MAV_2816) and lipoprotein G (lprG, MAV_3367).  Antigen-85B is a 

mycolyl transferase that is involved in biosynthesis of the cell envelope [233].  It is a 

well-known surface protein that has been identified as an adhesion protein with a 

strong affinity for fibronectin [234].  The ag85B protein is a dominant antigen in 

mycobacterial infection and is released into the phagosome after ingestion by host 

macrophages [29, 215].  Another known antigen of mycobacterial infection, lprG is a 

post-translationally glycosylated, surface-exposed lipoprotein [235].   Like ag85B, 

lprG has been previously observed on the mycobacterial surface and plays a role in 

mycobacterial virulence [236, 237].  It is also a known toll-like receptor 2 (TLR2) 

agonist.  Also represented among the identified “core proteins” are several genes 

implicated in defense and stress response, such as superoxide dismutase (sodA) and 

catalase-peroxidase (katG).  Peptides derived from elongation factor Tu (tuf, 

MAV_4489) were abundant in all conditions.  Elongation factor Tu has been 

observed at the mycobacterial surface in several studies [146, 197, 211, 228], 

findings which are contrary to its expected cytoplasmic localization, raising the 

possibility of an expanded or modified function for this protein.  Also represented 

amongst the “core proteins” were a population of ribosomal proteins.  While surface 

exposure of ribosomal, and other nucleotide binding proteins, appears counter-

intuitive, this result is consistent with the published results from other mycobacterial 

species, as well as several related bacteria, such as the firmicutes Bacillus subtilus 

and Lactobacillus plantarum [197, 211, 228, 238, 239].  However, it is also possible 

that these ribosomal proteins simply represent persistent contaminants that aren’t 

excluded by standard negative controls.  Indeed, a large number of ribosomal 

proteins appear in the negative controls (Appendix 2.3B).  Ultimately, the persistent 

observation of ribosomal proteins in studies of surface-exposed proteins may result 

from a combination of factors, including their abundance, non-specific associations 

and their high arginine and lysine content, which makes ribosomal proteins an 
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excellent substrate for trypsin proteolysis.  As expected, an array of putative 

oxidoreductases and dehydrogenases with potential roles in cell envelope biogenesis 

and metabolism were also included in the “core proteins” group.   

 

Surface proteins uniquely detected after contact with macrophages.  In addition 

to the “core proteins,” many additional surface-exposed proteins were identified that 

were differentially regulated in response to changes in culture conditions, or after 

exposure to macrophage cells.  One category of proteins within this group are those 

that were primarily detected in bacteria that had been exposed to macrophages, and 

were absent in media-cultured bacteria (Table 3.2A).  This group contained nine 

proteins, including several that have been previously implicated in pathogenesis, 

such as alkylhydroperoxide reductase (ahpC, MAV_2839) and isocitrate lyase (aceA, 

MAV_4682).  Alkylhydroperoxide reductase is a protein that catalyzes peroxide 

reduction and is a known surface protein of M. paratuberculosis, M. smegmatis and 

B. subtilus [197, 228, 239].  It is also known to play a role in isoniazid resistance, 

which is an antibiotic commonly used in treatment of mycobacterial infections.  

Experiments using sera harvested from ruminants infected with M. paratuberculosis, 

and human patients suffering from Crohn’s Disease, indicate that ahpC is a dominant 

antigen in both cases [240, 241]. Consistent with the findings here, the ahpC gene in 

M. tuberculosis has been shown to be highly up-regulated after phagocytosis by 

THP-1 macrophage cells [242].  Isocitrate lyase is a key enzyme in the glyoxylate 

shunt, a metabolic process utilized by mycobacteria to maintain metabolism in 

carbon limited conditions [243].  The glyoxylate shunt allows the macrophages 

[244].  Isocitrate lyase has also been demonstrated to be a necessary persistence 

factor of infectious mycobacteria in both macrophage and animal models [245, 246], 

and a promising drug target for treating tuberculosis infection [247].   
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Figure 3.3  Comparison of biotinylation profiles from all experimental samples.  A.  

Biotinylation profiles of total protein from each experimental condition.  To assess 

changes in global biotinylation patterns between conditions, aliquots of total protein 

were analyzed from each sample prior to affinity purification.  Samples were from 

both time points; 24 hr (Lanes 1-4) and 48 hr (Lanes 5-9), and culture conditions; 

DMEM media (Lanes 1 and 5), 7H9 media (Lanes 2 and 6), ECB (Lanes 3 and 8) 

and ICB (Lanes 4 and 9).  Biotinylation profiles were analyzed by anti-biotin 

western blot.  B. Silver stained SDS-PAGE gel of same protein samples.   
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Additionally, several stress response proteins were identified, including two putative 

universal stress family proteins (MAV_2434 and MAV_2506) and a putative 

chaperone protein (htpG, MAV_2118). 

 

Surface proteins uniquely absent after contact with macrophages.  Several 

proteins were absent on the bacterial surface after exposure to macrophages, 

although fewer than were uniquely present after macrophage exposure.  The 

identified proteins included a putative DNA binding protein (MAV_4302), a 

universal stress family protein (MAV_3137) and a putative uncharacterized protein 

(MAV_4070).  In M. smegmatis, the homologue of MAV_3137 has been identified 

as an abundant surface-exposed protein [228].  Furthermore, homologs of 

MAV_3137 are known antigens in M. bovis and M. tuberculosis infection [248, 

249].  Universal stress family proteins are a family of at least 10 proteins, many of 

which are differentially regulated during environmental stress and infection. The M. 

avium genome encodes at least 4 members of this protein family [250]. 

   

Proteins present on ICB M. avium but absent on ECB M. avium.  A focus of this 

study was the identification of proteins whose surface-expression was uniquely 

different between bacterium that had been exposed to macrophages, and either 

phagocytosed (ICB) or not phagocytosed (ECB).  The identification of differentially 

regulated surface-exposed proteins can provide insight into the processes that 

influence the phagocytosis of M. avium bacilli and their adaptation to the intra-

cellular environment during early infection.  Our results highlighted a handful of 

proteins that distinguished these two populations of M. avium (Table 3.3A).  Surface-

exposed proteins that were present only on ICB M. avium included the chaperone 

proteins groEL1 and groES (MAV_4365 and MAV_4366), a putative MarR family 

DNA binding protein (MAV_4734) and two uncharacterized proteins (MAV_4156 

and MAV_3633).  Mycobacterial groEL1 and groES genes are expressed in an 

operon and are dominant antigens in many Mycobacterium infections [215, 251, 
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252]. While chaperone proteins are commonly involved in protein folding and stress 

response, groEL1 and groES have been implicated in several additional processes in 

mycobacteria, including cell envelope biosynthesis and virulence [253, 254].  These 

proteins have been detected on the surface, and in the culture filtrate, of several 

Mycobacterium species, as well as the more distantly related bacterium, B. subtilus 

[197, 228, 238, 239].  The absence of groEL1 and groES on the surface of 

macrophage ECB M. avium, coupled with their presence in all other conditions 

tested, raises the possibility that these proteins may play a role in the attachment 

and/or invasion mechanisms of M. avium.  

   

Proteins present on ECB M. avium but absent on ICB M. avium.  

Several proteins were identified in ECB M. avium samples that were largely absent 

in ICB M. avium, or M. avium cultured in media-only conditions (Table 3.3B).  

These proteins included a putative Rieske iron-sulfur protein (qcrA, MAV_2297) and 

three putative dehydrogenases; an alcohol dehydrogenase (adhB, MAV_0705), a 

succinate dehydrogenase (MAV_4909) and an acetyl-coA dehydrogenase (fadD15, 

MAV_2307).  Rieske iron sulfur proteins and several associated dehydrogenases 

catalyze steps in the metabolism of various carbon sources [255].  Homologs of each 

of these enzymes are known membrane or cell envelope associated proteins in M. 

tuberculosis [229]. The homolog of mycobacterial qcrA has also been identified as a 

surface-exposed protein in B. subtilus [239].  The appearance of both qcrA and 

multiple dehydrogenases in ECB M. avium bacteria may reflect the metabolic 

response to changes in the availability of particular nutrient sources, oxygen levels or 

other environmental factors. 

 

3.5  Discussion 

 In this work we employed a novel technology to characterize an important 

subset of the M. avium proteome, surface-exposed proteins.  The combination of 

selective biotinylation of surface proteins, magnetic bead-based affinity purification, 
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on-bead proteolytic digestion and shotgun mass spectrometry provides a detailed 

profile of the surface proteome.  While previous studies have identified many of the 

cell membrane, cell wall and surface-exposed proteins of related mycobacteria [197, 

204, 211, 228-231], little was known about the surface-exposed proteins of M. 

avium.  Broadly consistent with the surface proteomes observed in these previous 

studies, the data produced in this study yields an enhanced characterization of the 

surface proteome of M. avium, with a focus on changes that may occur during early 

infection.  Importantly, our results suggest that M. avium shares much of its surface 

proteome with other pathogenic mycobacteria (Figure 3.2b).  This overlap supports 

the hypothesis that many of the mechanisms for attachment, invasion of host cells 

and manipulation of the host immune response are shared between M. avium and 

other Mycobacterium species.  Furthermore, profiling the proteomic changes that 

occurred in our model of early infection highlighted several proteins which may play 

unique roles in the establishment and maintenance of infection.     

 M. avium actively endeavors to adhere to host cells, invade them and 

establish persistent intra-cellular infections [46, 256, 257].  This work identifies 

many of the proteins that are likely to be central to these processes.  Ultimately, the 

identification of proteins that are essential to these functions will improve our 

understanding of how they happen.  In this study, we highlight both constitutively 

expressed “core surface proteins” and many additional proteins whose surface 

expression is modulated during early infection.  The characterization of surface-

exposed proteins like alkylhydroperoxide reductase (ahpC), identified only on M. 

avium exposed to macrophages, is fundamental to defining how M. avium overcomes 

host defense responses, like the production of reactive oxygen species.  Likewise, the 

identification of isocitrate lyase (aceA) in the same conditions as ahpC, indicates that 

M. avium may activate its glyoxylate shunt metabolic pathway to compensate for the 

nutrient and oxygen limited environment encountered within the macrophage.  Our 

analysis also reveals interesting changes that are consistent with the active immune-

evasion hypothesis regarding mycobacterial infection [199, 219].  For example, the 
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well known immune-dominant antigens, ag85A and ag85C (MAV_0214 and 

MAV_0215) were well represented in M. avium cultured in standard broth media 

(7H9), but poorly represented in conditions involving exposure to macrophages 

(Appendix 2.2).  This result is consistent with the hypothesis that, despite a robust 

overall immune response to mycobacterial infection, the immune response may focus 

on antigenic targets whose expression is down-regulated during infection.  As a 

result, the immune system ends up targeting bacteria that are not displaying a surface 

proteome that is oriented towards maximum virulence [211].  This type of result also 

suggests that analysis of antigens and potential immunogens may be limited by the 

culture conditions used to generate the reference protein samples. 

 Although putative surface and/or secreted proteins are a small fraction of the 

mycobacterial proteome, they represent a large portion of known bacterial antigens 

[211, 212, 214, 216, 248].  This is largely because the surface-exposed molecules of 

the bacterium are primarily what the immune system “sees” when it targets a 

pathogen.  Neutralizing antibodies are most likely to be effective if their target 

antigens are easily accessible, surface-exposed molecules.  Comprehensive profiling 

of the surface proteome of a pathogen, like M. avium, can generate a list of viable 

targets for rational vaccine design.  This analysis of M. avium surface proteomics 

reveals subsets of potential targets that may be unique to particular species of 

mycobacteria and/or specific phases of pathogenesis.   In the case of pathogenic 

Mycobacterium, many of which establish long-term latent infections, this 

methodology could assist the development of therapeutic vaccines that can aid in the 

treatment of chronic infection.   

 While our analysis of the surface-exposed proteome of M. avium was highly 

consistent with previous proteomic profiles of M. paratuberculosis [197], M. 

smegmatis [211], M. marinum and M. tuberculsosis [228], it also improved peptide 

coverage of identified proteins and streamlined experimental design.  Prior studies of 

mycobacterial surface-exposed proteins employed trypsin-shaving and/or selective 

solubilization of the cell envelope, to isolate surface proteins and peptides for 
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analysis.  The major challenge of both approaches is to efficiently generate peptides 

from surface-exposed proteins without disrupting the cell membrane.  Both 

techniques require empirically established experimental parameters and controls to 

limit the leakage of cytoplasmic proteins into the sample.  While these approaches 

work well with mycobacteria, which has a robust cell envelope [228], the methods 

have been problematic in applications that involve more fragile cells, like Gram-

negative bacteria [225] and eukaryotic cells.  The approach outlined in this report 

addresses this problem by labeling surface-exposed proteins of live cells in mild, 

near-native conditions.  Following biotinylation, proteins can be isolated, purified 

and processed under much more stringent conditions.  A second important limitation 

of the trypsin-shaving technique is the requirement of surface-accessible trypsin 

cleavage sites.  This requirement decreases the possible number of peptides that can 

be created, and therefore, the overall coverage and confidence of identified proteins.  

Because entire proteins are immobilized and digested, the approach presented in this 

report allows more peptides to be generated from each protein.  Accordingly, this 

analysis identified 125 surface-exposed proteins, which exceeds the number of 

proteins identified by trypsin-shaving analysis of M. paratuberculosis and M. 

smegmatis.  While significantly larger, the data set presented here did include 18 of 

the 37 proteins identified in the published profile of the M. paratuberculosis surface 

proteome [197], which suggests that both techniques targeted the same population of 

proteins.   

Despite an improvement in coverage and number of identified proteins, the 

experimental method presented here does suffer from several important limitations.  

First, the reliance upon lysine as the biotinylation site can cause lysine rich proteins 

to be over-represented and lysine poor proteins to be under-represented.  Many of the 

DNA-binding and ribosomal proteins identified in this study are rich in both lysine 

and arginine, a characteristic which may make them appear to be more abundant than 

they truly are.  Second, covalent attachment of biotin tags to lysine side chains 

inhibits cleavage by trypsin at labeled residues.  As a result, trypsin proteolysis is 
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limited to arginine and unlabelled lysine residues, decreasing the number of peptides 

available for identification with mass spectrometry.  This factor further contributes to 

the under-representation of lysine poor proteins in the data set.  This inability to 

label, purify and trypsinize some proteins may explain the absence of some proteins 

which are expected to be surface constituents but contain few lysine residues.  Third, 

sequential fractionation demonstrated that some surface-exposed proteins were not 

effectively solubilized by the experimental conditions employed in this study.  By 

the same token, some loosely attached proteins may have also been lost during 

preliminary wash steps.  Additional investigation revealed that some proteins, 

particularly some highly hydrophobic proteins and protein complexes stabilized by 

inter-molecular salt bridges, were poorly solubilized by the buffers used in this study 

(data not shown).  For example, no members of the PPE and PE families of 

mycobacterial proteins were observed in this study, although they are known to be 

surface-exposed proteins in many species of Mycobacterium [153, 176, 197].  

Ultimately, a number of expected surface-exposed proteins were not identified in this 

analysis [258].   Indeed, subsequent work in our laboratory has shown that several of 

these proteins are present on the surface, but their solubilization requires the addition 

of additional reagents to the extraction buffer (data not shown).  Lastly, additional 

sample preparations steps (eg. pre-filtration of protein extracts) may help remove 

protein aggregates and fragments of biopolymers (eg. DNA) that may lead to the 

indirect purification of background proteins.  While not explored in this study, these 

limitations may be overcome in future analyses through improvements in protein 

extraction  and purification protocols, as well as the use of alternative protease 

enzymes to decrease the dependence on accessible lysine residues, and create 

complementary sets of peptides for analysis.  Lastly, despite the continuing 

improvements in mass spectrometry technology, many observed spectra cannot be 

confidently assigned to their associated peptide.  Overall, these limitations 

underscore the fact that the resolution of this method and technology, while 

informative, has significant room for improvement. 
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 The selective labeling of surface proteins to facilitate their purification and 

identification has been employed in studies analyzing both prokaryotic and 

eukaryotic cells.  In this report, we streamlined the technology and adapted it for use 

in the study of the opportunistic pathogen, M. avium.  Our identification of more than 

120 surface proteins, and our analysis of differences between conditions simulating 

those of early infection, provides a unique insight into the molecular mechanisms of 

M. avium pathogenesis.  The data and methods presented here can contribute to the 

development of better tools for the diagnosis and treatment of mycobacterial disease.   
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TABLE 3.1  Consistently expressed surface-exposed proteins detected in M. avium 

109. 
UniProt Accession 

Number 

EMBL 

Annotation 

MAV 

Locus Tag 

7H9 

Media  
# of 

Unique 

Peptides 

Identified 

DMEM 

Media 
# of 

Unique 

Peptides 

Identified 

Extra-

Cellular 
# of 

Unique 

Peptides 

identified 

Intra-

Cellular 
# of 

Unique 

Peptides 

Identified 

24

h 

48

h 

24

h 

48

h 

24

h 

48

h 

24

h 

48

h 

A0Q988_MYCA1 

Superoxide 

dismutase  MAV_0182 4 4 5 4 3 2 4 3 

CH602_MYCA1 

60 kDa 

chaperonin 2  MAV_4707 18 11 19 17 7 10 10 12 

A0QHU7_MYCA1 

Aconitate 

hydratase 1  MAV_3303 9 5 7 5 9 8 6 2 

A0QHY5_MYCA1 

Glyceraldehyde

-3-phosphate 
dehydrogenase MAV_3341 7 7 8 8 6 9 3 6 

A0QGG5_MYCA1 Antigen 85-B  MAV_2816 4 5 3 2 2 3 4 2 

EFTU_MYCA1 

Elongation 

factor Tu  MAV_4489 9 7 13 11 9 10 4 8 

A0QI11_MYCA1 LprG protein  MAV_3367 2 1 2 1 2 3 2 1 

A0QM99_MYCA1 

Short chain 

dehydrogenase/ 

reductase  MAV_4916 6 8 3 3 2 1 4 5 

A0QER4_MYCA1 

Acyl carrier 

protein  MAV_2193 1 2 4 2 3 1 2 2 

PGK_MYCA1 

Phosphoglycera

te kinase  MAV_3340 3 4 2 1 3 1 1 1 

MDH_MYCA1 

Malate 

dehydrogenase  MAV_1380 3 4 5 4 5 2 1 2 

A0QME6_MYCA1 

Phosphoenolpyr

uvate 

carboxykinase  MAV_4963 2 2 2 2 4 3 1 2 

A0QLN4_MYCA1 

Putative 

uncharacterized 

protein  MAV_4695 3 3 2 1 3 1 1 2 

A0QEY3_MYCA1 
Glutamine 
synthetase  MAV_2267 2 3 1 2 4 2 1 2 

A0QMX5_MYCA1 

Peroxisomal 

multifunctional 

enzyme type 2 MAV_5146 6 2 5 4 8 2 6 2 

A0QMX6_MYCA1 

Aldehyde 

dehydrogenase MAV_5147 6 5 3 1 2 1 4 1 

KATG_MYCA1 

Catalase-

peroxidase  MAV_2753 9 8 12 9 6 1 7 0 

ATPA_MYCA1 

ATP synthase 

subunit alpha MAV_1525 7 9 6 5 1 7 5 14 

ATPB_MYCA1 ATP synthase MAV_1527 10 11 10 10 4 8 1 10 
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subunit beta 

ATPFD_MYCA1 

ATP synthase 

subunit b-delta  MAV_1524 4 6 0 2 1 2 1 4 

A0QL09_MYCA1 

30S ribosomal 

protein S17 MAV_4462 5 2 4 2 3 1 3 1 

RS20_MYCA1 

30S ribosomal 

protein S20  MAV_1770 4 3 3 1 3 3 2 4 

A0QJ28_MYCA1 

30S ribosomal 

protein S2  MAV_3744 2 1 1 1 1 1 1 2 

RS8_MYCA1 

30S ribosomal 

protein S8 MAV_4451 2 1 1 0 2 1 1 2 

RL19_MYCA1 

50S ribosomal 

protein L19  MAV_3759 1 1 2 2 2 1 1 1 

RL21_MYCA1 
50S ribosomal 
protein L21  MAV_1729 2 1 1 2 2 1 1 1 

A0QKB5_MYCA1 

Adenosylhomoc

ysteinase  MAV_4211 2 0 7 5 9 1 4 2 

RPOA_MYCA1 

DNA-directed 

RNA 

polymerase 

subunit alpha  MAV_4398 2 1 1 0 1 1 1 1 

RPOB_MYCA1 

DNA-directed 

RNA 

polymerase 

subunit beta  MAV_4503 3 2 1 1 1 2 1 2 

A0QFH5_MYCA1 

DoxX 

subfamily 

protein, putative  MAV_2471 1 1 2 1 6 1 2 0 

A0QKN2_MYCA1 

Nitroreductase 

family protein MAV_4334 1 2 1 1 0 2 1 2 

A0QM74_MYCA1 
Acyl-CoA 
synthase  MAV_4891 3 5 2 1 0 1 1 1 

SERC_MYCA1 

Putative 

phosphoserine 

aminotransferas

e  MAV_1012 2 1 2 1 1 0 3 2 

A0Q985_MYCA1 

Putative 

uncharacterized 

protein  MAV_0179 3 1 2 1 1 0 1 1 

METK_MYCA1 

S-

adenosylmethio

nine synthase MAV_3382 5 4 2 1 5 6 0 7 
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TABLE 3.2  M. avium 109 surface-exposed proteins differentially expressed in 

response to contact with macrophages. 

A. M. avium proteins primarily detected after contact with macrophages 

Uniprot Accession 

Number 

EMBL 

Annotation 

MAV 

Locus Tag 

7H9 

Media  
# of 

Unique 

Peptides 
Identified 

DMEM 

Media 
# of 

Unique 

Peptides 
Identified 

Extra-

Cellular 
# of 

Unique 

Peptides 
identified 

Intra-

Cellular 
# of 

Unique 

Peptides 
Identified 

24

h 

48

h 

24

h 

48

h 

24

h 

48

h 

24

h 

48

h 

A0QGI8_MYCA1 

Alkylhydropero

xide reductase MAV_2839 0 0 0 0 0 2 4 3 

A0QLM2_MYCA1 Isocitrate lyase  MAV_4682 0 0 0 0 1 2 1 4 

A0QFL0_MYCA1 

Universal stress 

protein family 
protein  MAV_2506 0 0 0 0 0 1 0 2 

METE_MYCA1 

5-methyl-

tetrahydroptero

yltriglutamate--

homocysteine 

methyltransfera

se MAV_1262 0 0 0 0 0 3 0 2 

A0QJI5_MYCA1 

NADP-

dependent 

alcohol 

dehydrogenase  MAV_3911 0 0 0 0 1 0 0 4 
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B. M. avium proteins primarily absent after contact with macrophages 

Uniprot Accession 
Number 

EMBL 
Annotation 

MAV 
Locus Tag 

7H9 
Media 

# of 

Unique 

Peptides 
Identified 

DMEM 
Media 

# of 

Unique 

Peptides 
Identified 

Extra-
Cellular 

# of 

Unique 

Peptides 
identified 

Intra-
Cellular 

# of 

Unique 

Peptides 
Identified 

24 

h 

48 

h 

24 

h 

48 

h 

24 

h 

48 

h 

24 

h 

48 

h 

A0QJY3_MYCA1 

Putative 
uncharacterized 

protein  MAV_4070 2 1 2 1 0 0 0 0 

A0QGK7_MYCA1 ModD protein  MAV_2859 6 6 5 2 3 0 3 0 

A0QHD3_MYCA1 

Universal stress 

protein family 

protein MAV_3137 2 1 3 2 1 0 3 0 

A0QLC4_MYCA1 

Putative 

uncharacterized 

protein  MAV_4583 2 3 1 1 1 0 0 0 

A0QKY3_MYCA1 

Putative 

uncharacterized 

protein  MAV_4436 1 1 2 1 0 1 0 0 

A0QJ96_MYCA1 

Putative 

uncharacterized 

protein  MAV_3813 1 2 1 1 0 1 0 0 

A0QJE9_MYCA1 

Electron 

transfer 
flavoprotein, 

alpha subunit  MAV_3875 2 1 6 3 0 0 1 0 

A0QKK1_MYCA1 

Putative 

Transposase  MAV_4302 1 3 2 1 1 0 2 0 
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TABLE 3.3.  Proteins differentially expressed between macrophage exposed 

bacteria (phagocytosed vs. un-phagocytosed M. avium). 

A. Proteins primarily detected in phagocytosed M. avium but absent in un-

phagocytosed M. avium. 

Uniprot Accession 

Number 

 

EMBL 

Annotation 

MAV 

Locus Tag 

7H9 

Media  

# of 

Unique 
Peptides 

Identified 

DMEM 

Media 

# of 

Unique 
Peptides 

Identified 

Extra-

Cellular 

# of 

Unique 
Peptides 

identified 

Intra-

Cellular 

# of 

Unique 
Peptides 

Identified 

24
h 

48
h 

24
h 

48
h 

24
h 

48
h 

24
h 

48
h 

CH601_MYCA1 

60 kDa 

chaperonin 1 MAV_4365 4 4 5 3 0 0 1 3 

CH10_MYCA1 

10 kDa 

chaperonin MAV_4366 4 4 6 6 0 0 4 4 

A0QK66_MYCA1 

Putative 

uncharacterized 

protein MAV_4156 1 1 2 2 0 0 1 1 

A0QLS3_MYCA1 

MarR-family 

protein  MAV_4734 4 1 3 2 0 0 2 1 

SERC_MYCA1 

Putative 

phosphoserine 

aminotransferas
e MAV_1012 2 1 2 1 1 0 3 2 
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B. Proteins primarily present in un-phagocytosed M. avium but absent in 

phagocytosed M. avium. 

Uniprot Accession 
Number 

 

EMBL 
Annotation 

MAV 
Locus Tag 

7H9 
Media 

# of 

Unique 

Peptides 
Identified 

DMEM 
Media 

# of 

Unique 

Peptides 
Identified 

Extra-
Cellular 

# of 

Unique 

Peptides 
identified 

Intra-
Cellular 

# of 

Unique 

Peptides 
Identified 

24

h 

48

h 

24

h 

48

h 

24

h 

48

h 

24

h 

48

h 

A0QMG9_MYCA1 

ErfK/YbiS/Ycf
S/YnhG family 

protein  MAV_4986 1 2 0 0 1 2 2 0 

A0QF23_MYCA1 

Putative acyl-

CoA 

dehydrogenase  MAV_2307 1 0 1 0 1 2 1 0 

EFG_MYCA1 

Elongation 

factor G  MAV_4490 2 0 4 5 2 1 0 0 

A0QM92_MYCA1 

Succinate 

dehydrogenase  MAV_4909 4 0 0 0 1 1 1 0 

A0QGW2_MYCA1 

Putative 

uncharacterized 

protein  MAV_2964 0 1 1 0 1 2 0 0 

A0QF13_MYCA1 

Putative 

ubiquinol-

cytochrome c 

reductase, iron-
sulfur subunit MAV_2297 0 3 0 0 1 1 0 0 
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4.1  Abstract 

Mycobacterium avium subsp. hominissuis (M. avium) is a hardy environmental 

bacterium, and an important opportunistic pathogen.  M. avium forms robust biofilms 

that allow it to colonize and persist in austere environments, such as residential and 

commercial water systems, causing frequent exposure to humans and animals.  

Because of this exposure, M. avium is responsible for a significant number of 

hospital acquired infections and is a major cause of mortality for immune-

compromised patients.  Mycobacterial biofilm formation and pathogenesis are both 

invariably dependent on a subset of the bacterial proteome, surface-exposed proteins.  

Because these proteins mediate the relationship between the bacterium and its 

environment, characterizing the surface-exposed proteome is essential to developing 

a more complete understanding the biology and pathogenesis of M. avium.  

Biotinylation with membrane-impermeable reagents, in tandem with affinity 

purification, is a proven method for the selective identification of surface-exposed 

proteins.  However, current approaches have been limited in their capacity to identify 

labeled proteins from complex mixtures.  The research presented in this report 

defines a set of experimental conditions which improve the utility of this technique 

for the study of the mycobacterial surface-exposed proteome.  Importantly, the 

resulting streamlined method for the biotinylation, purification and identification of 

surface-exposed proteins is more easily compatible with shotgun proteomics and 

high-throughput analyses. 
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4.2  Introduction 

The opportunistic pathogen, Mycobacterium avium subsp. hominissuis (M. avium) 

rose to prominence during the HIV/AIDS epidemic of the 1980’s and 90’s [259].  A 

relative of two highly pathogenic mycobacterial species, Mycobacterium leprae 

(leprosy) and Mycobacterium tuberculosis (tuberculosis), M. avium is a pernicious 

environmental pathogen.  M. avium is notable for its ability to form tenacious 

biofilms that allow it persist and thrive in many environments [35, 260].  M. avium is 

also a capable pathogen that actively adheres to host tissue and invades host cells 

[261].  Following colonization, M. avium can survive and proliferate within the intra-

cellular environment of host phagocytes, which it hijacks as vehicles for 

dissemination [257, 262].  Significant progress has been made in the understanding 

of M. avium pathogenesis, but the mechanisms that the bacterium uses to sense and 

interact with its environment remain clouded in mystery.   

The comprehensive characterization of the surface proteome M. avium is an 

important step in resolving this puzzle.  The surface-exposed proteome of a 

bacterium is of great interest to both microbiologists and immunologists.  From a 

microbiological perspective, surface proteins mediate a large spectrum of essential 

functions in the bacterium.  Attachment, motility, molecular transport and 

conjugation are all functions that are critically dependent on proteins exposed at the 

bacterial surface [205, 206].  Surface-exposed proteins are also primary targets for 

both innate and adaptive immunity.  Effective engagement of pathogens by the 

immune system requires the recognition of accessible targets, which tend to be 

surface-exposed and/or secreted molecules.  In bacteria, surface-exposed proteins are 

often post-translationally modified with molecules that are recognized by Toll-Like 

Receptors and other components of the innate immune system.  Accordingly, surface 

proteins are disproportionately represented in the antigenic profiles from infected 

animal hosts [212, 214, 215, 248].  Profiling the surface exposed proteome of a 

pathogen is an approach that is well suited for the identification of new targets for 

vaccine development [211, 247].  Comprehensive surface proteomic data can also be 
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a valuable complement to commonly used serological tests in the diagnostic typing 

an identification of pathogenic bacteria.    

The biggest obstacle to the analysis of surface-exposed proteins is often their 

isolation.  Many surface-exposed proteins are integral membrane proteins that 

contain large hydrophobic domains.  This is especially true for mycobacteria, whose 

surface proteins may be deeply embedded in a waxy cell envelope [228, 263].  The 

hydrophobic characteristics of these proteins present barriers to solubilization, 

separation and enzymatic digestion, all of which are important steps in existing 

methodologies.  Surface proteomes of bacteria have been characterized primarily 

with one of three basic techniques; trypsin-shaving, differential fractionation or the 

combination of selective biotinylation and affinity purification.  Trypsin-shaving 

involves the limited proteolysis of intact cells to liberate peptides from the surface-

exposed domains of proteins.  While this technique has been used successfully in 

mycobacteria [197, 198], it has two major limitations: First, the number of possible 

peptides that can be generated by trypsin proteolysis is limited because large sections 

of the target proteins are likely embedded in the cellular envelope and are not 

physically accessible to the trypsin enzyme.  Second, proteolytic digestion of surface 

proteins can rupture cells, leading to the contamination of samples with cytoplasmic 

proteins.  Maintaining an effective balance between generating a sufficient quantity 

of peptides and preventing cell lysis requires careful empirical calibration, and is 

unsuitable for many types of cells [225].   

An additional technique which has been successfully employed in Gram-

positive bacteria is the differential fractionation or solubilization of cell 

wall/envelope proteins [204, 228, 264].  Bacterial cells may be fractionated into 

cytoplasmic, membrane and cell wall fractionations by gradient centrifugation, or by 

differential solubilization with mild detergents.  Both approaches have been used to 

create comprehensive proteomic profiles of membrane and cell wall fractions of 

many types of bacteria, but the primary limitation to these approaches is a lack of 

specificity.  Surface-exposed proteins often constitute a small fraction of the total 
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cell wall or membrane associated proteome [197, 198, 239].  A modified version of 

this approach that has been successfully used in mycobacteria involves the selective 

solubilization of the outer layer of the bacterial cell envelope from intact bacteria.  In 

this technique a combination of mild detergent and gentle agitation is used to liberate 

the outermost layer of the bacterium [228].  While effective in mycobacteria, the 

primary limitation of this technique is that its feasibility is limited to cells with the 

appropriate physiology, a robust cell wall that is surrounded with a loosely 

associated envelope.  Furthermore, this technique is unlikely to liberate proteins that 

are tightly complexed with the cell wall.  Like trypsin shaving, this approach requires 

careful calibration to prevent cell lysis and is unsuitable for many types of cell.  

 Lastly, covalent biotinylation of surface-exposed proteins using membrane-

impermeable reagents is a promising technology that is growing in popularity [220, 

221, 223, 224, 239, 264].  The primary advantage of this technology is the ability to 

selectively label surface-exposed proteins in mild conditions and isotonic buffers.  

After biotinylation, total protein can be extracted and labeled proteins can be 

identified and isolated with streptavidin-conjugated reagents.  A central challenge 

with the surface biotinylation approach is the separation and purification of 

biotinylated proteins from samples of total protein.  There are two primary solutions 

to this challenge; affinity purification, and the combination 2D-PAGE separation and 

western blotting of labeled proteins.  In affinity purification, immobilized 

streptavidin, neutravidin or avidin are used to purify and elute biotinylated proteins.  

The primary challenges to affinity purification are the solubilization of target 

proteins in buffers that are compatible with affinity interaction and the elution of 

captured proteins.  The streptavidin-biotin bond is one of the strongest protein-ligand 

bonds known in nature, which makes affinity capture efficient, but elution 

challenging.  Neutravidin and avidin are commonly used in applications that require 

elution of captured proteins, but they have decreased affinity for biotin and require 

milder conditions for affinity binding.  In some cases, the buffers necessary for 

purification may not be capable of solubilizing hydrophobic proteins or disrupting 
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protein complexes.  Compounding these limitations, many methods require the use 

of immobilized resin columns for purification, which are poorly suited for small 

sample sizes and can be prohibitively expensive for experiments requiring analysis 

of multiple samples.  While many avidin and neutravidin columns are advertised as 

re-usable, the re-use of columns can introduce contamination and increase 

experimental variation between samples.    

In addition to affinity purification, another method for identifying biotin-

labeled proteins approach employs 2D-PAGE separation of total protein, followed by 

the use of western blot to identify labeled proteins.  Spots corresponding to proteins 

are then excised, digested and analyzed.  While this technique offers excellent 

specificity, it becomes overwhelmingly cumbersome with increasing sample size and 

is poorly suited for comprehensive and high-throughput proteomic analyses.   

The aim of this study was to establish a simple, efficient and effective 

method of identifying biotin-labeled surface-exposed proteins.  In the pursuit of this 

goal, we developed a streamlined approach that utilizes streptavidin-coated magnetic 

beads to purify labeled protein from total protein extracts.  Following purification, 

we employed on-bead digestion in tandem with “shotgun” mass spectrometry to 

characterize the surface-exposed proteome of our target bacteria, M. avium 104, a 

reference strain of M. avium subsp. hominissuis.  To identify the optimal 

experimental conditions, this study compared several variations in the conditions of 

critical steps in the method, including: Biotinylation reagents (NHS-Sulfo-LC-Biotin 

vs. NHS-Sulfo-SS-Biotin), protein extraction and purification buffers (detergent vs. 

urea), and proteolytic enzymes (Trypsin vs. Glu-C).   The resulting procedure is a 

simple and accessible methodology that can be applied to a wide range of cell types.  

We applied this technology to generate an improved profile of the surface proteome 

of an important pathogenic bacterium, M. avium 104.   
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4.3  Materials and Methods 

Preparation of M. avium cultures.  Freshly growing M. avium 104 (a reference 

strain of Mycobacterium avium subsp. hominissuis) was inoculated into 200 ml of 

Middlebrook 7H9 broth supplemented with 10% OADC (Hardy Diagnostics, Santa 

Maria CA) and cultured at 37°C with constant agitation.  Exponentially growing 

bacteria were harvested by centrifugation (1,500  g for 15 min) and washed twice 

with WB-PBS (150 mM NaCl, 20 mM Na2HPO4, .05% Tween-20 (vol/vol), pH 7.2) 

and twice with BupH-PBS (150 mM NaCl, 100 mM Na2HPO4, pH 7.3).  Bacteria 

were then separated into equal aliquots (approximately 100 mg per sample), pelleted 

and re-suspended in 1 ml BupH-PBS. 

 

Biotinylation M. avium surface-exposed proteins.  In this study, two lysine-

reactive, membrane-impermeable biotinylation reagents were utilized; Sulfo-NHS-

LC-Biotin (LC-Biotin) and Sulfo-NHS-SS-Biotin (SS-Biotin) (Pierce, Rockford IL).  

Immediately prior to biotinylation, fresh solutions of each reagent were prepared at a 

concentration of 1 mg/ml in BupH-PBS.  For experimental samples, 500 μl of either 

reagent solution was added per aliquot, for a total reaction volume of 1.5 ml.  For 

negative controls (no biotin), 500 μl of BupH-PBS was added instead.  The 

biotinylation reaction was allowed to proceed for 20 min at 23°C with gentle 

agitation.  Upon completion of the labeling reaction, each aliquot was washed twice 

with BupH-PBS supplemented with glycine (10 mg/ml) and twice with plain BupH-

PBS to inactivate and remove any unbound biotinylation reagent.  Bacterial samples 

were pelleted and the supernatant was discarded. 

 

Total protein extraction.  Bacterial samples were placed on ice and 300 μL of 100 

μm glass beads (Sigma, St. Louis, MO) were added to each sample.  The 

effectiveness of two protein extraction buffers were analyzed in this study; Detergent 

Extraction Buffer (DEB) (150 mM NaCl, 20 mM Na2HPO4, .05% Tween-20 
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(vol/vol), .1% Triton X-100 (vol/vol), .2% CHAPS [wt/vol], pH 7.3) and Urea 

Extraction Buffer (UEB) (150 mM NaCl, 20 mM Na2HPO4, .05%  

Tween-20 (vol/vol), 7 M urea, .2% CHAPS [wt/vol], pH 7.3).  Pellets of biotin-

labeled M. avium 104 were resuspended in 600 μl of either DEB or UEB.  Bacteria 

were disrupted by bead milling (6 pulses of 30 s).  After disruption, samples were 

centrifuged (12,000  g for 15 min) to pellet non-soluble components and 

supernatant was removed to clean tube.  Each sample was subjected to two rounds of 

protein extraction and the resulting supernatants were pooled for a final sample 

volume of 1.2 ml. 

 

Analysis of endogenous biotinylation and solubilization capacity of protein 

extraction buffers.  Total protein from 4 aliquots of un-biotinylated M. avium 104 

and four aliquots of Sulfo-NHS-LC-Biotin-labeled bacteria were extracted in either 

BupH-PBS, WB-PBS, DEB or UEB.  Bacteria were disrupted with bead milling and 

soluble protein was isolated, as described above.  Equal samples of each protein 

sample were separated by SDS-PAGE.  Following SDS-PAGE separation, proteins 

were transferred to nitrocellulose membranes and analyzed by western blot.  IRDye-

680 streptavidin (Licor, Lincoln, NE) was used to probe membranes for biotinylated 

proteins, following manufacturer protocol.  Biotinylation patterns were visualized on 

an Odyssey Scanner (Licor). 

 

Affinity purification with streptavidin-coupled Dynabeads.  Prior to affinity 

purification, 160 μl aliquots of magnetic, streptavidin-coupled C1 Dynabeads 

(Invitrogen, Carlsbad, CA) were washed twice with WB-PBS using a magnetic 

stand.  Also prior to affinity purification, total protein extracts were diluted with 3 

volumes of WB-PBS.  Diluted buffers were used for subsequent affinity purification 

and washing steps ((DEB (dilute): 150 mM NaCl, 20 mM Na2HPO4, .05% Tween-20 

(vol/vol), .025% Triton X-100 (vol/vol), .05% CHAPS [wt/vol], pH 7.3) and (UEB 

(dilute): 150 mM NaCl, 20 mM Na2HPO4, .05% Tween-20 (vol/vol), 1.75 M urea, 
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.05% CHAPS [wt/vol], pH 7.3)).  Each diluted protein sample was mixed with a 160 

μl aliquot of Dynabeads and incubated for 60 min at 23°C with gentle agitation.  

After incubation, samples were washed three times with the same buffer that was 

used for affinity purification (either DEB (dilute) or UEB (dilute)).  Next, samples 

were washed twice with WB-PBS and twice with ammonium bicarbonate buffer 

(ABB) (50 mM NH4HCO3, pH 7.8).  Each sample was then resuspended in ABB and 

split into two equal aliquots in preparation for enzymatic proteolysis. 

 

Enzymatic Proteolysis of Purified Surface Proteins.  Prior to enzymatic digestion, 

aliquots of Dynabeads, complexed with captured proteins, were resuspended in 50 μl 

of ABB supplemented with .025% [wt/vol] ProteaseMax (Promega, Madison, WI) 

and incubated at 37°C with constant agitation for 20 min.  Next, 46 μl of ABB and 1 

μl of 500 mM dithiothreitol (Sigma) was added to each aliquot, and samples were 

incubated at 60°C for 20 min to reduce disulfide bonds in both the immobilized 

proteins and the thiol-cleavable linker of the SS-Biotin reagent.  After reduction, 3 μl 

of 500 mM iodoacetamide (Sigma) was added to each aliquot and samples were 

incubated in darkness for 15 min at 23°C.  Next, 5 μl of acetonitrile (ACN) was 

added to each aliquot and samples were incubated at 37°C for 5 min.  A magnetic 

stand was then used to remove the Dynabeads from the SS-Biotin treated samples 

(the immobilized protein in these samples had been presumably liberated into the 

solution by cleavage of the biotin-protein linker).  For enzymatic proteolysis, each 

equal aliquot was digested with 1 μg of either Trypsin Gold or Glu-C (Promega) for 

6 h at 37°C, with constant agitation.  Following proteolysis, the Dynabeads were 

removed from the LC-Biotin treated samples with a magnetic stand.  Peptides from 

each aliquot were purified and desalted on C-18 reverse phase spin columns 

(Sartorius, Goettingen Germany), according to manufacturer instructions.  Following 

purification, samples were dried by vacuum centrifugation and resuspended in 8 μl 

of MS Loading Buffer (95% H20, 4.9% ACN (vol/vol), .1% formic acid (vol/vol)).  

Final concentration of peptide samples was approximately 500 ng/µl.   
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Preparation of Negative Controls.  To eliminate non-specific background and 

endogenously biotinylated proteins, samples of M. avium were isolated from the 

conditions described above for use as negative controls.  These samples were 

processed in the previously described manner, except with biotinylation omitted.  

Data from negative controls were pooled to create a list of persistent background and 

false positive identifications, and these proteins were then subtracted from the 

experimental data sets.     

 

 Nanodrop analysis of peptide samples.  Prior to LC-MS/MS analysis of peptide 

mixtures, each sample was subjected to spectrophotometric analysis on a Nanodrop 

system (Thermo).  Aliquots of 2 µl from each sample were scanned on the standard 

A280 setting used for protein quantification.  Absorbance curves were compared 

against empirically determined standards to verify sample quality and concentration.     

 

LC-MS/MS analysis.  Data dependent LC-MS/MS analyses were performed on 

LTQ-FT Ultra mass spectrometer with IonMax ion source (Thermo) coupled to a 

nanoAcquity Ultra performance LC system (Waters) equipped with a Michrom 

Peptide CapTrap column and a C18 column (Agilent Zorbax 300SB-C18, 250 x 0.3 

mm, 5 μm). A binary gradient system was used consisting of solvent A (0.1 % 

aqueous formic acid) and solvent B (ACN containing 0.1% formic acid). Next, 2 µl 

of C-18 column purified peptides were trapped and washed with 3% solvent B at a 

flow rate of 5 µl/min for 3min. Trapped peptides were then eluted onto analytical 

column using a linear gradient from 3% B to 30% B at a flow rate of 4 μl/min over 

35 minutes. Column was maintained at 37°C for the duration of the process. The 

mass spectrometer was operated in a data-dependent acquisition mode. A full FT-MS 

scan (m/z 350-2000) was alternated with CID MS/MS scans of the 5 most abundant 

doubly or triply charged precursor ions. As the survey scan was acquired in the ICR 

cell, the CID experiments were performed in the linear ion trap where precursor ions 
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were isolated and subjected to CID in parallel with the completion of the full FT-MS 

scan. CID was performed with helium gas at a normalized collision energy 35% and 

activation time of 30 ms. Automated gain control (AGC) was used to accumulate 

sufficient precursor ions (target value, 510
4
/micro scan; maximum fill time 0.2 s). 

Dynamic exclusion was used with a repeat count of 1 and exclusion duration of 60 s. 

Data acquisition was controlled by Xcalibur (version 2.0.5) software (Thermo). 

 

Database search.  Thermo RAW data files were processed with Proteome 

Discoverer version 1.2 (Thermo Scientific, Waltham MA) using default parameters.  

A Mascot (version 2.2.04) search against whole SwissProt 2010 database (523151 

sequences; 184678199 residues) or a Mycobacterium avium (strain 104) database 

(obtained from UniProt; 5040 sequences; 1586464 residues) was launched from 

Proteome Discoverer with the following parameters: the digestion enzyme was set to 

Trypsin/P and two missed cleavage sites were allowed. The precursor ion mass 

tolerance was set to 5 ppm, while fragment ion tolerance of 0.8 Da was used. 

Dynamic modifications included carbamidomethyl (+57.0214 Da) for Cys and 

oxidation (+15.9994 Da) for Met.  Lists of identified proteins from each sample were 

summarized by Scaffold 3 (Proteome Software, Portland OR).  Inclusion of proteins 

in the final data set required at least two unique peptide identifications, with a 

confidence of at least 50%, per protein.  Data were compiled in Scaffold 3. 

 

4.4  Results 

Comparison of Protein Extraction and Affinity Purification Buffers.  Prior to 

initiating this study, several potential buffer components were tested for their 

capacity to solubilize mycobacterial proteins and their compatibility with the 

streptavidin-biotin affinity interaction.  The results of these experiments indicated 

that both non-ionic detergents (Triton X-100 and Tween-20) and urea (7 M) were 

effective for total protein solubilization.  In addition, all buffers benefited from the 

addition of a zwitterionic detergent (CHAPS), which helped solubilize additional 
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proteins.   However, these analyses also indicated that the concentrations of 

detergents and/or chaotropic reagents that yielded maximum protein solubilization 

were deleterious to the streptavidin-biotin affinity interaction.  To resolve this 

conflict, we employed a strategy of protein extraction at high detergent/urea 

concentrations followed by dilution prior to affinity purification.   In this study we 

evaluated two buffer mixtures that had shown promise in earlier testing, a detergent-

based extraction buffer (DEB) and a urea-based extraction Buffer (UEB).  Analysis 

of the protein extraction capacity of both of these buffers indicated that they were 

similarly effective at solubilizing total protein (Figure 4.1).   Compensating for 

variations in other experimental conditions, our analysis indicated that the large 

majority of identified proteins that were observed were the same between both 

experimental buffers (Figure 4.2a). 

 

Comparison of Trypsin and Glu-C proteolysis.  Trypsin, which cleaves after 

lysine and arginine residues, is the protease most commonly used to digest proteins 

into peptides for identification with mass spectrometry.  However, several proteins 

that are known to be surface-exposed in mycobacteria (eg. PPE and PE family 

proteins) are relatively lysine and arginine poor [13].  Because of this limitation, we 

hypothesized that the addition of an alternative proteolytic enzyme may be 

complementary, increasing the number of identified proteins, and the peptide 

coverage of those proteins.  In this study, we compared peptides generated by 

Trypsin proteolysis with those generated by Glu-C proteolysis, which cleaves after 

glutamic acid residues.  Glu-C is a convenient choice because it is a commercially 

available enzyme that requires the same reaction buffer as trypsin.  As expected, 

proteolysis with Glu-C generated fewer overall peptides, and the majority of the 

corresponding proteins were also identified in the trypsin samples (Figure 4.2b).  

However, the peptides generated by Glu-C digestion were highly complementary 

with those produced by trypsin digestion and significantly improved the peptide 

coverage of identified proteins.  Additionally, several additional proteins that had 
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minimal sites for trypsin cleavage were uniquely identified by Glu-C analysis, 

including several members of the PPE and PE families (Appendix 2.3).   

  



 112 

 

Figure 4.1  Comparison of biotinylated protein extracted by experimental 

extraction/binding buffers.  Western blot analysis (anti-biotin) of total protein 

extracted from either Sulfo-NHS-LC-Biotin-labeled M. avium samples (left) and un-

labeled negative controls (right).  All four buffers used in this study (BupH-PBS, 

WB-PBS, DEB and UEB) were compared to analyze their capacity to solubilize 

protein. 

 

Comparison of Biotinylation Reagents: Sulfo-NHS-LC-Biotin vs Sulfo-NHS-

LC-Biotin. 

Both Sulfo-NHS-LC-Biotin and Sulfo-NHS-SS-Biotin have been used extensively to 

selectively biotinylate surface-exposed proteins in a variety of experimental models 

[220, 264].  Both reagents are structurally similar and use the same reactive moiety, 

NHS (N –Hydroxysulfosuccinimide), to covalently attach to accessible lysine side 

chains.  The primary difference between these two reagents is that SS-Biotin has a 

cleavable spacer arm between the NHS and biotin groups.  This property allows the 
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elution of captured proteins and the removal of streptavidin coated beads prior to 

enzymatic digestion.  In contrast, LC-Biotin has a non-cleavable spacer arm, and on-

bead digestion must be performed in the presence of streptavidin.  We hypothesized 

that the resulting contamination by streptavidin peptides may prevent identification 

of some target peptides.  Estimated from spectral counts, peptides derived from 

streptavidin accounted for approximately 25% of total peptides derived from the on-

bead digest of LC-Biotin labeled samples.  We speculated that the removal of the 

streptavidin-Dynabeads prior to the proteolysis of SS-Biotin labeled samples might 

resolve this problem.  Indeed, with this approach we observed a large decrease in 

streptavidin derived peptides in the SS-Biotin labeled samples.  While the large 

majority of identified proteins were identical between the SS-Biotin and LC-biotin 

labeled samples, the SS-biotin labeled samples yielded far fewer peptides.  Our 

suspicion is that the hydrophobic nature of the mycobacterial envelope proteins   

may be responsible for this loss.  After cleavage of the linker, we observed that a 

significant amount of material came out of solution and formed a film on the edges 

of the tube, and was therefore not present in the enzymatic digestion steps.  

Removing the beads (instead of the supernatant) or adding detergents prior to 

cleavage of the linker may be helpful in preventing this loss of sample.   

 

Quality Control Assays.  Preparation of high quality peptide samples for shotgun 

mass spectrometry requires careful attention to detail.  Improper handling of 

samples, human error or poor quality reagents may lead to the preparation of samples 

of substandard quality.  Because mass spectrometric analysis is often both expensive 

and is a later step in the experimental process, the analysis of poor quality samples 

represents 
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Figure 4.2  Venn diagrams comparing proteins identified from competing 

experimental conditions.  Diagrams indicate total number of surface-exposed 

proteins identified in either condition, with overlap indicating those proteins 

independently identified in both conditions.  Proteins requiring a combination of 

spectra generated from both methods for identification are indicated at the bottom in 

their own circle.  A.  Comparison of extraction and purification buffers; surface 

proteins identified from samples extracted and purified with either Urea Extraction 

Buffer (UEB) or Detergent Extraction Buffer (DEB).  B.  Comparison of proteolytic 

enzymes; surface proteins identified from samples digested with either Trypsin or 

Glu-C proteases.  C. Comparison of biotinylation reagents; surface proteins 

identified from samples labeled with either Sulfo-NHS-LC-Biotin or Sulfo-NHS-SS-

Biotin reagents. 
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a significant loss of both resources and time.  In order to avoid processing failed 

samples we identified two quality controls at important steps in the course of sample 

preparation.  First, we observed that binding of biotinylated proteins to streptavidin-

Dynabeads visibly increased the size of the bead pellet (when bound to saturating 

concentrations of biotinylated protein).  The visual comparison of a negative control 

with experimental samples during affinity capture can help identify samples which 

have low concentrations of bound protein.  The second quality control utilizes 

spectrophotometry to analyze the general quality and concentration of peptide 

samples, immediately prior to LC-MS/MS.  Spectrophotometric analysis (eg. 

Nanodrop (Thermo Scientific, Wilmington DE)) can quickly identify aberrant 

samples, such as those with improper peptide concentrations or particulate 

contamination.   

 

4.5  Concluding Remarks.  Selective biotinylation of surface-exposed proteins 

using membrane impermeable reagents has become an important tool in the study of 

this important subset of the cellular proteome.  The experimental results presented in 

this contribution demonstrate the feasibility and utility of a streamlined approach in 

profiling the surface-exposed proteome of a bacterial cell.  In comparison with 

existing techniques, this method provides an improved combination of selectivity, 

efficiency and resolution.  The ability to employ physiological buffers during 

labeling and washing of cells helps maintain native conditions and limits 

contamination by non-target proteins resulting from cell lysis.  The use of magnetic 

bead-based affinity purification and on-bead digestion decreases experimental 

variability and allows for the efficient processing of small samples.  Direct analysis 

of complex peptide samples with shotgun mass spectrometry embraces the 

burgeoning power of this technology and allows for the reproducible, high-

throughput analysis of large data sets.  We demonstrated the capacity of this 

technological approach by characterizing the surface proteome M. avium 104.  The 
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method presented here utilizes commercially available reagents, making this high-

resolution analysis of surface proteomes more accessible to the average laboratory.  

As the analytical capacity of shotgun proteomics continues to expand, this approach 

holds great potential for the expansion of knowledge in the study of surface 

proteomics.  
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Chapter 5:  Discussion 

 

Mycobacterium avium subps hominissuis is a robust environmental pathogen that 

actively disrupts the normal host immune response.  An essential component of 

pathogenesis is the bacterium’s ability to export proteins through the thick 

mycomembrane to the bacterial surface and extra-cellular environment.  To 

accomplish this task, mycobacteria have evolved a unique export mechanism, a Type 

7 Secretion System (T7SS).  In this dissertation we sought to better define the 

function of a highly conserved element of mycobacterial T7SSs, a PPE family 

protein.  Additionally, in order to further understand protein secretion in M. avium 

subsp hominissuis, we developed and utilized a method to profile the proteins that 

are secreted to the bacterial surface.  Through this work, we contributed to a more 

complete understanding of the mechanisms that are involved in M. avium 

pathogenesis.   

In Chapter 2 we sought to better characterize the properties of a MAH gene 

that is essential to full virulence, MAV_2928.  The protein encoded by this gene is a 

member of a unique family of proteins, the PPE protein family, that are abundant 

only in pathogenic species of mycobacteria.  Chapter 2 sought to build upon previous 

research that indicated that MAV_2928 is involved in the mechanisms that MAH 

utilizes to disrupt normal phagosomal development in host macrophages.  This 

previous research had also observed that MAV_2928 is expressed only after 

phagocytosis by macrophages, and that MAV_2928 helps facilitate a fundamental 

remodeling of the phagosomal compartment.  To further develop our understanding 

of this protein, we sought to identify MAH proteins that interact directly with 

MAV_2928, to characterize the sub-cellular localization of MAV_2928, and to 

further define the environmental conditions that stimulate its expression.   

 To identify proteins that may directly interact with MAV_2928 we used a 

  



 121 

 

Figure 5.1:  Evolution of the variable region of the ESX-5 loci.  A recent duplication 

event added two additional PPE proteins, MAV_2925 and MAV_2924, to the ESX-5 

loci in MAH that are absent in the closely related MAP.  A similar duplication event 

also occurred in M. tuberculosis, although phylogenetic analysis indicates that this 

was an independent event that occurred after the evolutionary split between M. 

avium and M. tuberculosis.   

bacterial 2-hybrid system to perform a directed search against other proteins in the 

immediate genomic neighborhood.  The gene for MAV_2928 is at the center of a 

locus, ESX-5, that encodes the structural and substrate proteins for a Type VII 

Secretion System (T7SS) that is unique to mycobacteria (Figure 5.1).  Some PPE are 

known to be substrates of the T7SS encoded by the ESX-5 loci. Our goal was to 

identify potential protein-protein interactions that may be involved in this process.  

Our screen of MAV_2928 against the other proteins in the ESX-5 loci identified only 

one interaction, with another putative substrate protein MAV_2921 (a WXG100 

family protein).  Encouragingly, a similar interaction between a PPE protein 

(Rv3873) and a WXG100 protein (Rv3875) from the ESX-1 loci in M. tuberculosis 

had previously been reported.  We then proceeded to further define the interaction by 
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screening truncations of MAV_2928, which indicated that the interaction was 

mediated by the C-terminal domain of MAV_2928.   

While the function of the interaction between PPE family proteins and 

WXG100 family proteins is unclear, the observation of an interaction between 

members of these two families has led to speculation that PPE proteins may be 

involved in the export of WXG100 proteins.  One potential mechanism for this role 

may involve the PPE protein associating with the mycomembrane and acting as a 

gating mechanism that modulates the transport of WXG100 proteins by the 

mycobacterial T7SS.  Consistent with this hypothesis, several members of the PPE 

and PE families had been reported to be associated with the mycobacterial cell 

envelope and/or secreted into the extra-cellular space in various species of 

mycobacteria.   

To assess whether MAV_2928 may be involved in such a process, we sought 

to analyze the localization of MAV_2928 within the bacterium.  To do this, we 

constructed mycobacterial shuttle vectors that expressed MAV_2928 as a fusion 

protein with mRFP and/or 6X-His tags.  Fluorescent microscopy indicated that 

MAV_2928 tended to accumulate near the bacterial poles.  Both bio-informatics 

analysis and solubility testing indicated that MAV_2928 was highly hydrophobic 

and likely to be embedded in the mycobacterial envelope.  To assess whether 

MAV_2928 was indeed in the envelope (and at the bacterial surface) we employed 

two assays; trypsin shaving and surface biotinylation.  Both methods indicated that 

much of the recombinant MAV_2928 was indeed located at the bacterial surface.  

We also explored the localization of truncations of MAV_2928 and found that the 

surface localization of the protein was dependent on the conserved N-terminal region 

of the PPE protein.   

Lastly, we explored the expression of MAV_2928 and found that it was 

expressed in an operon, with a truncated PE family protein and another closely 

related PPE family protein, MAV_2926.  We tested the expression of this operon 

under conditions that might be encountered in the intra-cellular environment (acidic 
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pH, low iron and nutrient deprivation) and found that the operon was up-regulated 

under conditions of nutrient limitation, although expression was quite modest in all 

cases.   

 Overall, our observations were supportive of the hypothesis that PPE proteins 

are exported by mycobacteria, where they may play a role in regulating the secretion 

of WXG100 family substrates.  However, our initial findings have some important 

limitations.  The primary source of these limitations was our observation of 

inconsistent expression of recombinant proteins in a mycobacterial background.  To 

execute the full complement of experiments described in this report, we found it 

necessary to utilize two tools.  First, we frequently used mRFP and 6X-His fusions to 

confirm and visualize protein expression.  This was necessary because protein 

expression appeared to be highly variable, even when the construct was the same 

between samples.  Second, we frequently utilized a surrogate mycobacterial species, 

M. smegmatis because it has a faster growth rate, higher transformation efficiency 

and lower frequency of spontaneous antibiotic resistance, when compared with M. 

avium.  These features were necessary to make the experiments described here 

economically and temporally feasible.  This use of these non-native conditions 

represented the most significant limitations to the data presented in Chapter 2.  

However, in Chapter 2 we were ultimately able to transform some of the constructs 

into M. avium and confirm our original observations. 

Although M. smegmatis, a saprophyte, is often used as a surrogate for 

pathogenic mycobacteria, there are fundamental differences that set it apart from 

pathogenic mycobacteria.  Most importantly, M. smegmatis lacks the ESX-5 locus 

and has no direct ortholog for MAV_2928.  This raises the question of whether the 

localization of MAV_2928 that was observed in M. smegmatis is indicative of its 

localization in MAH.  However, M. smegmatis does contain three other ESX loci, as 

well as PPE, PE and WXG100 family proteins.  In our report, we speculated that the 

MAV_2928 may be exported to the surface of M. smegmatis by one of these other 

ESX loci.  
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Figure 5.2:  Circular phylogram of the PPE family genes that are adjacent to the 

ESX-5 region in M, tuberculosis, MAP and MAH.  The focus of our study, 

MAV_2928 (yellow), is highlighted along with the PPE proteins (red) identified in 

Chapter 4 as surface-exposed proteins in MAH. 

 The initial goal of Chapter 3 was to directly assess whether PPE family 

proteins were indeed present at the mycobacterial surface in native conditions.  The 

basis of Chapter 3 evolved from the biotinylation method that was used in Chapter 2 

to confirm the surface localization of the recombinant MAV_2928.  Western blots of 

biotinylated proteins from MAH that had been cultured in media supplemented or 

depleted with essential nutrients had indicated that it was possible to visualize the 

associated modulations of the surface proteome.  Since surface-exposed proteins are 

at the heart of most pathogenic functions (adhesion, invasion, immune response, etc) 

we sought to profile the surface proteome of a clinical isolate, MAH 109, in 
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conditions that simulated early infection.  To conduct this experiment we developed 

two methods.  First, we developed a differential solubilization and centrifugation 

protocol that allowed us to isolate intact bacteria from within cell cultures of 

macrophages.  Second, we developed a system that used streptavidin-coated 

magnetic beads to purify biotin-labeled proteins from whole cell lysates of bacteria.   

 Our findings in Chapter 3 illustrate both the power and limitations of our 

initial methodology for identifying surface-exposed proteins.  One on hand, we were 

able to identify a large number of putative surface-exposed proteins from MAH, 

including some proteins that appeared to be uniquely present or absent in response to 

exposure to macrophages and/or phagocytosis.  In total, we detected 125 putative 

surface-exposed proteins, a number that greatly exceeded those detected by 

previously reported methods used in mycobacteria, such as trypsin-shaving and outer 

membrane solubilization.  Encouragingly, these comparisons also indicated a 

substantial overlap in the identified proteins between our study and this previous 

research, a strong indication that all of these techniques were targeting the same 

group of proteins.  However, our results also indicated the limitations of the 

methodology employed in Chapter 3.  The most important limitation was our 

inability to solubilize all of the mycobacterial proteins, using the buffers that we had 

developed for this application.  Specifically, some proteins that were highly 

hydrophobic, or tightly associated with the mycomembrane, remained in the 

insoluble fraction and were not amenable to our approach.  Unfortunately, our 

previous experience with MAV_2928 indicated that many PPE family proteins likely 

fell into this category.  Further investigation into the solubility of PPE, PE and 

WXG100 proteins using homology and crystal structure data indicated that many of 

these proteins are held in place by ionic interactions.  Most tellingly, both the PPE 

and PE domains, which are invariably conserved within their respective families, 

contain a glutamic acid residue (E).  They also contain proline (P) residues, which 

are inflexible amino acids which form hard “kinks” in peptide chains.  Accordingly, 

the research detailed in chapter 4 highlights the fact that we found that solubilization 
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of these proteins benefited greatly from the addition of a zwitterionic detergent that 

could help disrupt these interactions.  Another important limitation that we observed 

was the tendency of proteins with abundant trypsin cleavage sites (arginine and 

lysine) to be over-represented, and conversely, those proteins with few trypsin 

cleavage sites to be poorly represented.  Our analysis of the PPE, PE and WXG100 

family proteins of the ESX-5 locus indicated that these proteins tended to be 

relatively lysine and arginine poor.  In chapter 4, we worked to resolve this issue by 

assessing the impact of using alternative proteases and biotinylation reagents.  

Ultimately, the combination of the limitations related to solubility and proteolysis 

likely explains our failure to confidently identify any PPE, PE or WXG100 family 

proteins in the screens conducted in Chapter 3. 

 The goal of Chapter 4 was to improve and standardize the experimental 

design employed in Chapter 3, and to expand the population of identified proteins by 

addressing the limitations that were encountered in chapter 3.  To accomplish this, 

we focused on analyzing the surface-exposed proteins of a clinical isolate, MAH 

104, grown in a single condition (standard 7H9 mycobacterial culture media).  First 

we developed two new buffers for protein extraction, one urea-based (ULB) and the 

other detergent-based (DLB).  We also explored the benefit of adding an alternative 

protease, Glu-C, which cleaves proteins at glutamic acid residues.  Finally, we 

analyzed the use of an alternative biotinylation reagent, Sulfo-NHS-SS-Biotin, that 

contains a cleavable linker sequence.  Individually, we observed that combining the 

results from Glu-C and trypsin digests generated a dramatic increase in the number 

of unique peptides generated from each protein, peptide coverage of proteins, and the 

overall confidence of identifications.  At the same time, most of the identified 

proteins were identical between the two samples, so the improvement was in quality, 

more than quantity of protein identifications.  Both protein extraction buffers tested 

produced similar results, while the use of SS-biotin proved problematic due to a loss 

of sample that occurred after the cleavage step.   
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Table 5.1.  ESX-5 associated proteins identified in Chapters 3 and 4. 

Uniprot Accession 

Number 

EMBL Annotation MAV Locus Tag Mass 

A0QGQ3_MYCA1 PPE family protein MAV_2905 46 kDa 

A0QGQ4_MYCA1 PPE family protein MAV_2906 40 kDa 

A0QGQ7_MYCA1 PPE family protein MAV_2909 47 kDa 

A0QGQ8_MYCA1 PPE family protein MAV_2910 41 kDa 

A0QGR5_MYCA1 

Conserved Membrane 

Protein MAV_2917 44 kDa 

A0QGR7_MYCA1 

Conserved Secretion 

Protein MAV_2919 53 kDa 

A0QGS1_MYCA1 PE family protein MAV_2923 6 kDa 

A0QGT0_MYCA1 

FtsK/SpoiiiE family 

protein MAV_2932 151 kDa 

A0QGT1_MYCA1 

Conserved Membrane 

Protein MAV_2933 53 kDa 

A0QKH6_MYCA1 PPE family protein MAV_4274 39 kDa 

 

Overall, the data generated in Chapter 4 was consistent with much of the data from 

Chapter 3.  However, the methods used in Chapter 4 yielded more peptide and 

protein identifications, as well as substantially improved coverage and confidence. 

 The improved methodology used in Chapter 4 expanded the total number of 

identified proteins by about 50% relative to the analysis in Chapter 3.  This new 

population of proteins contained several of direct interest to the study of the  

T7SS encoded by the ESX-5 region.  Specifically, several PPE and PE family  

proteins were identified, along with several conserved T7SS structural proteins that 

are essential for protein export (Table 5.1).  While we did not detect MAV_2928, we 

did identify four other PPE family proteins that are associated with the ESX-5 
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region, as well as an additional PPE family protein, MAV_4274, that contains a C-

terminus motif (X-PSAG) that is identical to the C-terminus of MAV_2928 (Figure 

5.2).  In addition to the PPE family proteins, we detected a PE family protein, 

MAV_2923.  These observations help to confirm the hypothesis that PPE and PE 

family proteins are indeed surface-exposed components of the cell envelope in M. 

avium.  

 The large scale expansion of PPE family proteins in the vicinity of the ESX-5 

locus, and the extensive similarity between them, raises interesting questions about 

the function of these proteins (Figure 5.1).  Why do pathogenic mycobacteria have so 

many similar copies of these proteins?  Initial bio-informatics analysis indicates that 

the recombination and duplication of PPE family proteins originates primarily from 

stretches in the C-terminal of PPE proteins that have a very high GC nucleotide 

content.  This observation may help explain the contrast between the vast diversity of 

C-terminal domains present in PPE proteins, and their highly conserved N-terminal 

domains.  It also strongly suggests that the expansion of PPE, PE and WXG100 

family proteins is functionally linked with the ESX-5 locus.  This has been 

confirmed by several reports that indicate that various PPE and PE family proteins 

are dependent on a functional ESX-5 for export.  However, the exact role of PPE and 

PE family proteins remains unclear.  Although the diversity of C-terminal domains 

indicates a corresponding diversity of function, an intriguing hypothesis suggests that 

these proteins may compete against or regulate the export of related proteins.  This 

view has been supported by observations that inhibition of one ESX loci can lead to 

an increase in export by another ESX loci, as observed by changes in the secretion of 

their defined substrates.  It has also been suggested that the observed interactions 

between PPE and WXG100 family proteins may result from the regulation of the 

export of WXG100 proteins by PPE family proteins embedded in the 

mycomembrane.  However, all of these putative functions remain speculative, 

pending confirmatory experiments.   
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An interesting follow-up to the work conducted in Chapter 2 would be to 

characterize the changes in gene expression of all of the elements associated with the 

ESX-5 locus in MAH, in response to changes in environmental conditions.  

Additional studies that better characterize the native interactions of PPE, PE and 

WXG100 family proteins would also be very informative.  A central challenge of 

most methodologies, including those used in this study, is the use of over-expression 

and/or knock-out of target proteins to characterize their function.  Unfortunately, this 

approach inevitably leads to a myriad of changes because of the interconnected 

nature of proteins and their functions.  A potential solution to this challenge would 

be to express the target proteins in their native background, using minimalist tags 

and native regulatory elements.  Ideally, this would allow the target protein to be 

produced in a temporally relevant pattern at near-native levels of expression.  Within 

these parameters, the target protein would have the highest likelihood of behaving 

normally.  The use of metabolically-incorporated or cell permeable cross-linking 

agents could then be employed to stabilize and characterize the near-native protein 

interactions.  Ultimately, the true definition of protein function for this class of 

molecules will depend on the development of methods that allow their 

characterization from near-native conditions.   

Simultaneously, the methods developed in Chapters 3 and 4 could be used to 

profile the surface-exposed proteomes in these conditions.  Integrating these two data 

sets would provide an in-depth view of the patterns and coordination involved in the 

expression of these elements.  Furthermore, the availability of complete genome 

sequences of different MAC strains, and the substantial identity between strains at 

the nucleotide level, may allow these transcriptional and proteomic findings to be 

integrated into a bio-informatics model that can more precisely identify the 

regulatory mechanisms of the ESX-5 region. 

While the precise function of the ESX-5 region in the biology and 

pathogenicity of MAH remains largely undefined, the work presented in this 

dissertation provides some insight into the role of this system.  Our findings that a 
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PPE family protein that is essential for full virulence, MAV_2928, interacts directly 

with another potential substrate protein, MAV_2921, and is trafficked to the bacterial 

surface, provides support to the hypothesis that some PPE proteins may be involved 

in regulating the export of other substrates, such as WXG100 family proteins.  

Furthermore, our development of a new technology that facilitates the 

comprehensive profiling of the surface-exposed proteome of MAH provides a 

powerful new tool to characterize the mechanisms of mycobacterial pathogenesis.  
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Appendix 1.  Novel Methods 

In the course of this work we had the need and opportunity to develop several unique 

methods and technologies to improve our study of mycobacterial pathogenesis.  The 

development of these methods has facilitated both the research in this report, as well 

as several other projects under study in our lab and others.  While we developed 

several novel methodologies, the two included in this report are the ones that I 

consider to be the most impactful. 

 

Appendix 1.1  Extraction and purification of RNA from MAC 

A central problem with transcriptional analysis of MAC is the difficulty in isolating 

high-quality RNA that is free of DNA contamination.  The cell envelope of MAC 

inhibits lysis in standard RNA lysis buffers, such as Trizol.  Therefore, it is necessary 

to use mechanical lysis, generally in the form of high-speed milling with silica beads, 

to release mycobacterial DNA and RNA into solution.  However, two important 

complications frequently arise at this point.  First, mechanical lysis shears DNA into 

smaller pieces, which appears to decrease the efficiency of DNA/RNA segregation 

during phase separation, leading to significant DNA contamination in RNA preps.  

Second, in standard RNA extraction buffers, one or more components of the 

mycobacterial cell envelope appears to be responsible for causing an unknown 

contaminant to precipitate with the RNA, in standard protocols.  This contaminant, 

with a strong absorbance peak of around 220 nm, is associated with a reduced 

quantity and quality of purified RNA.  To address these issues, we created a 

workflow that incorporated several quality control checkpoints and assayed the 

effect of modulating each potential variable in the method on the quality and quantity 

of isolated RNA.  Ultimately, we found that the use of a lysis buffer adapted from 

Mangan, et al., which uses SDS and a non-ionic detergent instead of guanidinium, 

was helpful in decreasing the amount of the unknown contaminant [265].  Next, by 

modifying our phase separation protocols, and by introducing a standardized 

methodology for thorough DNase I treatment, we were able to eliminate the presence 
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of contaminating DNA in our RNA preparations.  Overall, this method outlines a 

standardized methodology with built-in quality control steps that improves the 

consistency and quality of RNA isolation from refractory mycobacteria and other 

organisms that are not amenable to standard RNA isolation protocols. 

 

Appendix 1.2  Protocol for RNA purification from MAC 

1) Pellet Cells at 4 degrees C.  You are looking for a pellet weight between 50-

100 mg  (50-100 μl sized pellet).  Rinse once with chilled 10% Glycerol, .1% 

tween.  Re-pellet.  Washing is recommended, but optional.  You should avoid 

the washing step if you have a limited or fragile sample. 

2) Add 1 mL chilled aqueous detergent solution: 

Detergent Solution: 24 mL 500mM Sodium Acetate (pH = 4), 76 mL RNase free 

H20, 1% Triton X-100 and .6% SDS. 

3) Add 200 μl of 0.1 mm glass beads. 

4) Bead beat 5 times at max speed for 20 seconds each, allow to chill on ice 

between beatings. 

5) Add 400 μl of Acid Phenol (phenol:chloroform 5:1).  (Make sure to draw 

sample from lower layer in Acid Phenol jar.)   Bead beat 2 additional times 

at max speed for 20 seconds each. 

6) Centrifuge 4 degrees at max speed for 5 minutes. 

7) Transfer supernatant to a bead beating tube. 

8) Add 100 μl chilled detergent solution and 600 μl chilled acid phenol.  

(Make sure to draw sample from lower layer in Acid Phenol jar.)  Mix in 

bead beater one time at max speed for 10 seconds, place on ice for 5 min. 

9) Centrifuge at 4 degrees at max speed for 5 minutes. 

10) Remove the aqueous phase (top layer) to a clean, chilled bead beating tube.  

Add 600 μl chilled acid phenol.  Mix in bead beater one time at max speed 

for 10 seconds, place on ice for 5 min. 

11) Centrifuge at 4 degrees for 20 min at max speed.   Remove aqueous layer to 

chilled clean tube. 



 153 

12)  Add 600 μl chilled Chloroform: Isoamyl Alcohol 25:1.  Mix in bead beater 

one time at max speed for 10 seconds.  Spin for 5 minutes at max speed. 

13) Remove aqueous layer to chilled clean tube.  Add 600 μl chilled Chloroform: 

Isoamyl Alcohol 25:1.  Spin for 20 min at max speed. 

14) Remove supernatant to clean, chilled tubes.  Add equal volume of 

isopropanol.  Incubate at least 30 min or overnight at -20 C. 

15) Spin samples at max speed for 30 min @ 4 C.  Remove supernatant. Be 

careful not to aspirate pellet, which may not be visible. 

16) Add 1 mL 75% ethanol.  Mix vigorously.  Place in -20 for 5 min.  Centrifuge 

at max speed for 10 min at 4 C. 

17) Remove supernatant.  Add 1 mL 95% ethanol.  Centrifuge at max speed for 

10 min at 4 C.  

18)  Remove supernatant.  Spin for 1 min at max speed at 4 C.  Remove any 

remaining supernatant.  Place with open top in rack in the refrigerator (4 C) 

for at least 15 min, or until the pellet is dry. 

19)  Resuspend in 100 μl RNase Free H20. 

20)  Analyze sample with Nanodrop for concentration and purity.  Discard 

samples with abnormal curves.  A good curve has a single, large peak 

centered around 260 nm.  An example of an acceptable curve is seen below.  

Remember to set the sample type as RNA. 
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Figure 6.1  Absorbance curve (Nanodrop) illustrating the expected shape of a quality 

RNA sample.  Deviations from this shape, and additional absorbance peaks, are 

indicative of a poor quality sample or the presence of contaminants. 

21) Dilute sample to 200 ng/μl with RNase free H20.  

22)  Add 1.5 μl RNase inhibitor (RNasin), 10 units DNase I (per 100 μl) and the 

appropriate amount of DNase buffer. 

23) Vortex and incubate for 30 minutes at 37 degrees. Keep sample out of direct 

sunlight or bright light. 

24) Add 1 mL Trizol reagent and mix thoroughly by vortexing.   

25) Add 200 μl Chloroform.  Mix thoroughly. 

26) Spin at max speed for 10 min in refrigerated centrifuge. 

27) Transfer supernatant to clean tube.  Add 600 μl Choloroform:Isoamyl 

Alcohol (24:1).  Mix thoroughly and spin at max speed for 10 min.   

28) Transfer supernatant to clean tube.  Add 3.2 volumes of Ethanol (95%).  

Place in freezer (-20) for at least 30 min.   

29) Spin at max speed for 10 min.  Remove supernatant.  Be careful not to 

aspirate pellet, which may not be visible. 

30) Add 1 mL 75% ethanol.  Vortex and spin at max speed for 5 minutes.   
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31) Remove supernatant.  Add 1 mL 95% ethanol.  Vortex and spin at max speed 

for 10 min.  Remove supernatant.  Re-spin at max speed for 2 min.  Remove 

residual ethanol.  Allow to dry in refrigerator for at 15-30 min. 

32) Resuspend in 15 μl RNase free H20. 

33) Analyze for concentration and purity with Nanodrop.   

 

OPTIONAL SECONDARY  CLEAN-UP 

34) Pool 2 samples as desired and process them using the RNeasy RNA clean-up 

protocol that is in the manual.  OR: Repeat a simple phenol chloroform 

extraction. 

35) When using the RNeasy kit you will be doing 3 washes of 500 μl each.  The 

first wash will be 500 μl of the RLW1 buffer.  Spin for 30 seconds at max 

speed and discard flow thru.  Add 500 μl RPE buffer, spin for 30 seconds at 

max speed and discard flow thru.  Put an additional 500 μl of RPE buffer in 

the column and spin for 30 seconds at full speed.  Discard flow thru and spin 

at max speed for 1 min. Transfer column to new round bottom tube (the ones 

with no cap) and spin for 1 minute at max speed.  Then carefully transfer 

column to a clean collection tube (pointy bottoms, with cap).  It is absolutely 

essential that no RPE buffer gets carried over into the next step.   

36)  Elute with 50 μl of water supplied with RNeasy kit. 

37) Analyze sample on nanodrop or Bioanalyzer for concentration and purity. 

 

38)  For visual confirmation and analysis, add water, loading buffer and RNA to 

make a 10 μl sample (at a concentration of 100-200 ng RNA/10 μl mix). Run 

on a 1% agar TAE electrophoresis gel.  Set the voltage at 70 V.  Rinse comb 

with methanol before setting up gel.  An example gel is below.  Samples on 

the left are acceptable, but not as clean as desired.  You would like to see 3 

strong, clear bands corresponding to the major rRNA species.   Note: using 

concentrations of RNA above 200 ng/ 10 μl result in heavy smearing on 

TAE gel. 
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Figure 6.2  Effect of RNA concentration on visualization by TAE gel (1%) 

electrophoresis.  RNA loaded within the allowable concentration range (left) and 

RNA loaded above 200 μg/μl (right). 

 

39) Genomic DNA Contamination Screen. Before cDNA synthesis, it is 

necessary to confirm that you do not have contaminating DNA in your RNA 

prep.  To do this, prepare a reaction mixture to amplify the control gene 

RpoA.  For 2 experimental samples, you will need to prepare qPCR mix for 4 

25 μl reactions (60 μl Sybr Green 2X master mix, 1.2 μl RpoAFor primer, 1.2 

μl RpoARev primer, 52 μl H20).  Add 23 μl of this reaction mix to each of 

PCR tubes.  For tube 1 add 2 μl of a finished cDNA sample or genomic DNA 

sample.  This is your positive control.  For tube 2, add 2 μl of H20.  This is 

your negative control. For tube 3 add 2 μl of your first RNA sample (make 

sure you prepare a dilution of your RNA to a concentration 1 μg/60 μl and 

use this as the source for your 2 μl).  For tube 4 add 2 μl of your second RNA 

sample (at a dilution of 1 μg/60uL).  Run these samples on the RT-PCR 

machine.  You should observe amplification from lane 1, but no 

amplification of lanes 2-4.  No amplification of lane 1 means the PCR 
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reaction did not work.  Amplification in lane 2 indicates that some of 

your reagents are contaminated.  Amplification in lanes 3 or 4 (but no 

amplification in lane 2) indicates you have DNA contaminating your 

RNA preparation.  

40)  To generate cDNA, add 1 μg RNA in 8 μl of water to the other components 

of the Superscript cDNA master mix in a 200 μl PCR tube.  Use cDNA 

program on PCR machine to thermal cycle your sample. 

41)  After cycling, add 1 μl RNase and incubate at 37 degrees for 20 minutes.  

Add 39 μl of nuclease free water to each cDNA sample to dilute it.  Final 

volume for each cDNA prep should be 60 μl. 

42) Each Real Time reaction should have 25 μl volume.  (12.5 μl Master mix, .3 

μl forward primer, .3 μl reverse primer, 2 μl template, 10.5 μl H20).   

43) Make sure to use appropriate Real Time compatible caps for PCR tubes.  

Make sure Real Time program includes Melt Curve at the end of the cycle.  

Max number of cycles ~32.  Values with cycle numbers in excess of 32 

become increasingly unreliable. 

44) Run out Real Time samples on 1 % TAE gel @ 100 V to confirm appropriate 

amplification if desired. 
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Appendix 1.3  Towards a universal surface proteomics method for prokaryotic 

and eukaryotic cells. 

While the method developed and presented in chapter four works well for 

prokaryotic cells, we found that it was not effective at isolating surface proteins from 

eukaryotic cells.  With eukaryotic cells, our samples were invariably contaminated 

with large amounts of background, which was composed largely of cytoskeleton 

components.  Further investigation revealed that the contaminating proteins 

contained an RGD-binding domain, which adheres tightly to the three amino acid 

motif, RGD.  RGD binding is used by eukaryotic cells to attach the cytoskeleton to 

membrane-bound proteins and the extra-cellular matrix, as well as other structures 

[266, 267].  Streptavidin, which is used to purify the biotin-labeled surface protein, 

contains an exposed RYD motif that is recognized by RGD binding domains.  Our 

results indicated that the structure of the RGD-binding domain and the interaction 

with RGD motifs were not sufficiently disrupted in the buffers used in our initial 

experiments.  We therefore sought to develop a buffer formulation that was capable 

of effectively disrupting RGD-binding, but did not interfere with the biotin-

streptavidin interaction.  Additional research identified two features that were 

essential to RGD-binding, ionic interactions between amino acids that stabilize the 

RGD-binding motif and the presence of divalent cations [268].  Accordingly, we re-

formulated the primary protein extraction buffer to address these two issues.  First, 

we switched the chaotropic agent from urea (polar) to guanidinium (charged) 

because guanidinium has been demonstrated to be more effective at disrupting ionic 

interactions [269].   Next, we added EDTA and EGTA to the lysis buffer to chelate 

divalent cations, preventing them from participating in RGD-binding.  Lastly, we 

established a simple quality control step after purification, in order to visualize 

captured proteins prior to further processing. 
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Appendix 1.4  Universal Surface Proteomics Method 

Buffers 

HBSS: Hank’s Balanced Salt Solution, pH ~7 (Standard Commercial Formulation). 

Basic HBSS:  Hank’s Balanced Salt Solution, pH 7.4-7.8. 

BupH-PBS: 100 mM NaPhosphate, 150 mM NaCl, pH 7.2-7.5 

Standard PBS: 10 mM NaPhosphate, 150 mM NaCl, pH 7.2 

Guanidinium Lysis Buffer: 5M GTC or GHCl, 20 mM NaPhosphate, 140 mM 

NaCl, 10 mM KCl, 5 mM EDTA, 1 mM EGTA, 1% Glycerol, 0.25% Triton X-100, 

0.05% Tween-20, 1 mM Ascorbic Acid, pH ~7.2. 

Guanidinium Incubation Buffer: 1.25M GTC or GHCl, 20 mM NaPhosphate, 140 

mM NaCl, 2.5 mM KCL, 1.25 mM EDTA, 0.25 mM EGTA, 0.25% Glycerol, 0.06% 

Triton X-100, 0.05% Tween-20, 0.25 mM Ascorbic Acid. 

Ammonium Bicarbonate: 75 mM Ammonium Bicarbonate in mass spec grade H20, 

pH 7.5-7.8. 

Detergent Lysis Buffer: WB-PBS + .01% Triton, 0.05% Tween-20, 0.2% CHAPS, 

pH ~7.2. 

WB-PBS: 10 mM NaPhosphate, 150 mM NaCl, 0.05% Tween20, 2 mM NaAzide, 

pH 7.4. 

Urea Lysis Buffer: WB PBS + 8 M urea and 0.2% CHAPS.  

Urea Incubation/Wash Buffer: WB PBS + 2 M urea, 0.05% CHAPS. (Dilute Lysis 

buffer 1:3 with WB-PBS). 

 

Labeling Cells with Biotin 

 

1) Harvest cells.  For bacteria, start with about 50 μl worth of a pellet, although 

this isn’t an exact science and it isn’t that critical.  The more the merrier.  

Wash the pellet 3 times in HBSS.  Remember to spin and mix gently.  

Washing is very important with M. avium. You may consider washing with a 

mild detergent (10% glycerol, .1% tween or triton x-100, 5-10
o
C).  For 

eukaryotic cells, start with a 75 cm
2
 culture vessel with 60-90% cell 

confluency for each experimental condition.  Wash with Basic HBSS 

immediately prior to biotin labeling. 
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2) For 1 or 2 samples suspend ~1 mg of  biotinylation reagent (eg. Sulfo-NHS-

LC-Biotin) in 1 mL of plain BupH PBS immediately before use.  Again, this 

doesn’t have to be exact.  1 mg of reagent is capable of labeling a lot of 

protein (>100 mg total protein).  The point is that you don’t need much and 

don’t overkill it.  For a 75 cm
2
 culture of eukaryotic cells (~75% confluent) 

you need approximately 5 mg of biotinylation reagent. 

3) Resuspend bacteria in 1 mL of Basic HBSS.  Add 500 μl of your 

biotinylation reagent suspension to the tube.  Mix gently.  For eukaryotic 

cells, add biotin solution to cells incubating in 10 ml Basic HBSS. 

4) Incubate either for 10 min at 37
 o
C, 20 min at 23

o
C or 30 min @ 4

 o
C.  (These 

are just suggestions and can be optimized for a specific experiment).  

Decreasing the incubation temperature can decrease the active internalization 

of the labeling reagent. 

5) Pellet bacterial cells at low speed (5 min @ 3,000 rpm on microcentrifuge).  

Remove and discard supernatant.  Pellet and remove supernatant between 

washes.  For adherent cells, pour off supernatant. Wash once with HBSS, 

once with HBSS + 5 mM glycine and twice with Standard PBS (it is 

important to wash away all free divalent cations).  You can freeze at this 

point in -80
 o

C.  Or you can proceed to processing.   

 

Affinity Purification of Biotinylated Proteins 

1) Resuspend bacterial pellets in 1 mL of Guanidinium Lysis Buffer.  For 

adherent eukaryotic cells, add 8 ml of Guanidinium Lysis Buffer to each 

flask. 

2) (For bacteria only, eukaryotic cells will lyse completely in the buffer 

without mechanical disruption) Add 200-300 μl worth of 100 um glass 

beads.   

3) Bead beat at max speed 6 times for 20 seconds each.  Place on ice between 

cycles.  Do not let your sample overheat. 

4) Centrifuge at max speed for 5 min.  Remove and store supernatant on ice.  

5) Add additional 1 ml Guanidinium Lysis Buffer. Bead beat for 20 sec.  

Centrifuge at max speed for 5 min.  Collect supernatant and add to the 

original supernatant.   You should end up with ~1.2 mL of supernatant.   

6) (For all samples) Pre-filter sample through a 0.2 or 5 micron syringe filter to 

remove aggregates and soluble biopolymers, such as nucleic acid.   
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7) Visualization of labeled proteins.  At this point, the samples can be 

separated by SDS-PAGE and patterns of biotinylation can be visualized by 

anti-biotin western blot (streptavidin).  Important: Guanidinium will form 

a precipitate with SDS (laemelli buffer).  Therefore, it is necessary to 

remove the guanidinium from the protein samples prior to SDS-PAGE.  

A simple way to do this is to combine 150 μl of sample and 1.4 ml of cold 

ethanol (95%).  Incubate at -80
 o
C.  for at least 1 h.  Spin at max speed 

for 15 min to pellet precipitated protein.  Wash pellet with 1 ml 90% 

ethanol.  Remove pellet and dry sample in speed vac.  Resuspend 

precipitate in 75 μl laemelli buffer and proceed normally. 

 

Figure 6.3 Anti-biotin western blot of whole cell lysates from human cell line (PC-

3) exposed to experimental treatments for 48 hours and subsequently labeled with 

Sulfo-NHS-LC-Biotin. 

8) Prior to affinity purification, dilute protein extract 1:3 in WB-PBS.  For 

eukaryotic cells it may be preferable to process only a fraction of the total 

sample. Put sample into a 15 ml falcon tube, 

9) Add 130 μl of Invitrogen Streptavidin Dynabeads C1.  (This is 1300 μg of 

beads with a binding capacity of approximately 10-20 μg of biotinylated 

protein.) 

10) Incubate 60-120 min at 23
o
C with gentle agitation. 
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11) Collect beads in a 1.7 ml tube using a magnetic stand 

12) Wash 2 times (1 ml), 10 min each, with Guanidinium Incubation Buffer. 

13) Wash 1 time (1 ml), 10 min, with WB PBS.   

14) Wash 1 time (1 ml), 20 min with  Detergent Incubation Buffer. 

15) Wash 1 time (1 ml), 10 min, with WB-PBS. 

16) Wash 2 times (1 ml), 20 min each, with HBSS. 

17) Wash 2 times (1 ml), 5 min each with Ammonium Bicarbonate Buffer. 

18) Quality Control Step:  Resuspend sample in 1.3 ml Ammonium 

Bicarbonate Buffer. Remove 300 μl to clean tube, capture beads and remove 

supernatant.  Resuspend beads in 40 μl laemelli buffer with 5% BME.  Heat 

to 96
o
C for 15 min.  Centrifuge to pellet beads.  Run supernatant on SDS-

PAGE gel to visualize captured proteins.  May need to use silver staining to 

properly visualize proteins. 

 

Figure 6.4.  Visualization of eukaryotic proteins captured on Streptavidin 

Dynabeads. Negative (no biotin label) and positive (biotin label) controls.  
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19)  For remaining 1 mL of solution, use magnet to capture beads.  Remove 

supernatant and proceed to digestion protocols. 

 

On-bead proteolytic digestion of captured proteins for mass spec identification 

(Trypsin, Glu-C) 

1) After washing beads, resuspend in 50 μl of 75 mM Ammonium Bicarbonate 

Buffer.  Add 3 μl 1% ProteaseMax.  Incubate for 20 min at 37
o
C.  Mix well. 

2) Add 40.5 μl of 75 mM Ammonium Bicarbonate Buffer.  The volume 

should now be 93.5 μl 

3) Add 1 μl of .5 M DTT. Incubate at 60
o
C for 20 min. 

4) Add 3 μl of .5 M IAA. Incubate at room temp for 15 min in the dark. 

5) Add 1 μl of 1% ProteaseMax. 

6) Add 1 μl of Trypsin (@ 1ug/μl in 50 mM acetic acid) OR Add 1 μl of 

Chymotrypsin (@ 1 μg/μl in 1 mM HCl) OR Add 1 μl of Glu-C (@ 1 μg/μl) 

7) Incubate 6-18 hours @ 37
o
C in orbital shaker (or PCR machine). 

8) Supernatant contains desired peptides.  Proceed to C18 Reverse phase clean-

up protocol. 
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Appendix 2.1  Chapter 2 Supplemental Information 

Table 6.1  Vectors used in chapter three 

Strain or plasmid Genotype or description Reference or source 

M. avium 109 M. avium WT strain 20 

M. smegmatis MC2  M. smegmatis WT strain  ATCC 

E. coli DH10B E. coli cloning strain Invitrogen 

PUAB100 Control vector for M-PFC 30 

PUAB200 Control vector for M-PFC 30 

PUAB300 Prey vector for M-PFC 30 

PUAB400 Bait vector for M-PFC 30 

PUAB300-M2915 M-PFC vector expressing MAV_2915 This study 

PUAB300-M2916 M-PFC vector expressing MAV_2916 This study 

PUAB300-M2917 M-PFC vector expressing MAV_2917 This study 

PUAB300-M2918 M-PFC vector expressing MAV_2918 This study 

PUAB300-M2919 M-PFC vector expressing MAV_2919 This study 

PUAB300-M2920 M-PFC vector expressing MAV_2920 This study 

PUAB300-M2921 M-PFC vector expressing MAV_2921 This study 

PUAB400-M2921 M-PFC vector expressing MAV_2921 This study 

PUAB300-M2922 M-PFC vector expressing MAV_2922 This study 

PUAB400-M2922 M-PFC vector expressing MAV_2922 This study 

PUAB300-M2923 M-PFC vector expressing MAV_2923 This study 

PUAB300-M2924 M-PFC vector expressing MAV_2924 This study 

PUAB300-M2925 M-PFC vector expressing MAV_2925 This study 

PUAB300-M2926 M-PFC vector expressing MAV_2926 This study 

PUAB300-M2927 M-PFC vector expressing MAV_2927 This study 

PUAB400-2928/29297/2926 M-PFC vector expressing MAV_2928 operon This study 

PUAB400-M2928 M-PFC vector expressing MAV_2928 This study 
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PUAB400-M2928∆(186-

421) 

M-PFC vector expressing MAV_2928∆(186-421) This study 

PUAB400-M2928∆(1-179, 

326-421) 

M-PFC vector expressing MAV_2928∆(1-179, 

326-421) 

This study 

PUAB400-M2928∆(1-219) M-PFC vector expressing MAV_2928∆(1-219) This study 

PUAB400-M2928∆(1-399) M-PFC vector expressing MAV_2928∆(1-399) This study 

PUAB300-M2929 M-PFC vector expressing MAV_2929 This study 

PUAB300-M2930 M-PFC vector expressing MAV_2930 This study 

PUAB300-M2931 M-PFC vector expressing MAV_2931 This study 

PUAB300-M2932 M-PFC vector expressing MAV_2932 This study 

PUAB300-M2933 M-PFC vector expressing MAV_2933 This study 

PMV261-5HRFP PMV261 expressing 6XHis-tagged mRFP This study 

PMV261-5HRFP-M2928 6XHis-mRFP-MAV2928 fusion  This study 

PMV261-5HRFP-

M2928∆(186-421) 

6XHis-mRFP-MAV2928∆(186-421) fusion This study 

PMV261-5HRFP-

M2928∆(1-179, 326-421) 

6XHis-mRFP-MAV2928∆ (1-179, 326-421) 

fusion 

This study 

PMV261-5HRFP-

M2928∆(1-219) 

6XHis-mRFP-MAV2928∆(1-219) fusion This study 

PMV261-5HRFP-M2922/21 6X-His-mRFP-MAV2922/MAV_2921 fusion This study 

PMV261 Mycobacterial shuttle vector 20 

PMV261-M2921 PMV261 expressing unlabelled MAV_2921 This study 

PMV6XH-M2928/2927/2926 6XHis-MAV_2928 fusion also expressing 

MAV_2927 and MAV_2926 

This study 

PMV6XH-M2928 6XHis-MAV_2928 fusion This study 

PMV6XH-M2928∆(201-

421) 

PMV261 expressing 6XHis- MAV_2928∆(201-

421) fusion 

This study 

PMV6XH-M2928∆(1-179, 

326-421) 

PMV261 expressing 6XHis- MAV_2928∆(1-179, 

326-421) fusion 

This study 

PMV6XH-M2928∆(1-259) PMV261 expressing 6XHis- MAV_2928∆(1-259) 

fusion 

This study 
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Table 6.2  Primers used to construct M-PFC vectors in chapter 3 

Gene cloned Primer 

Orientation 

Oligonucleotide Vector 

MAV_2915 Forward 5’-AAAAAGCTTCACTCCGATGATGTATGTCAC-3’ PUAB300-M2915 

MAV_2915 Reverse 5’-AAAAAGCTTCTTGAAGGTTCAGCGGGCCG-3’ PUAB300-M2915 

MAV_2916 Forward 5’-TTTAAGCTTGCTGGCATCGGGGGTGTCGG-3’ PUAB300-M2916 

MAV_2916 Reverse 5’-TTTAAGCTTCTAGGTGGTCTTCTTCTCTGC-3’ PUAB300-M2916 

MAV_2917 Forward 5’-AAAAAGCTTGAAGGCTCAGCGCAGATTGGG-3’ PUAB300-M2917 

MAV_2917 Reverse 5’-TTTAAGCTTTCATTGCGCCGCGGGTACGC-3’ PUAB300-M2917 

MAV_2918 Forward 5’-AAAAAGCTTGCAGCGATCCGCTACCGCTG-3’ PUAB300-M2918 

MAV_2918 Reverse 5’-AAAAAGCTTCTATTGCTGCCTGCGCGATCG-3’ PUAB300-M2918 

MAV_2919 Forward 5’-AAAAAGCTTACCACAGCCTGACGTAGAGGG-3’ PUAB300-M2919 

MAV_2919 Reverse 5’-AAAAAGCTTGCCTCAGCGGTAGCGGATCGC-3’ PUAB300-M2919 

MAV_2920 Forward 5’-AAAAAGCTTGGACCAACAGAGCACCCGCAC-3’ PUAB300-M2920 

MAV_2920 Reverse 5’-TTTAAGCTTCACACCCTGCTGTGGGTTTTC-3’ PUAB300-M2920 

MAV_2921 Forward 5’-AAAAAGCTTCGCTATGAGCATCAACTACC-3’ PUAB300-M2921 

MAV_2921 Reverse 5’-AAAAAGCTTCGCGCCTGAAGTGAAGGCG-3’ PUAB300-M2921 

MAV_2921 Forward 5’-AAAGAATTCCGCTATGAGCATCAACTACC-3’ PUAB400-M2921 

MAV_2921 Reverse 5’-AAAGAATTCGCCGCGCCTGAAGTGAAGGCG-3’ PUAB400-M2921 

MAV_2922 Forward 5’-TTTAAGCTTCGAGATGGCAACACGTTTTATG-3’ PUAB300-M2922 

MAV_2922 Reverse 5’-TTTAAGCTTGTTGGACGGCAGCAGTTCTGGG-3’ PUAB300-M2922 

MAV_2922 Forward 5’-TTTGAATTCCGAGATGGCAACACGTTTTATG-3’ PUAB400-M2922 

MAV_2922 Reverse 5’-TTTGAATTCTTGGACGGCAGCAGTTCTGGG-3’ PUAB400-M2922 

MAV_2923 Forward 5’-AAAAAGCTTAACTAGGAGGGAAAATATGTCG-3’ PUAB300-M2923 

MAV_2923 Reverse 5’-AAAAAGCTTAGCCCCGAACCGGCGATCCGG-3’ PUAB300-M2923 

MAV_2924 Forward 5’-TTTAAGCTTGGGGCCATTCGTGGTGGATTATG-3’ PUAB300-M2924 

MAV_2924 Reverse 5’-TTTAAGCTTCCGGATGACACTGGGTGTGGG-3’ PUAB300-M2924 
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MAV_2925 Forward 5’-TTTAAGCTTGTGCTGGGTAGCCATGGACTTC-3’ PUAB300-M2925 

MAV_2925 Reverse 5’-TTTAAGCTTCGTTCATGTGCGGTGGCGTCC-3’ PUAB300-M2925 

MAV_2926 Forward 5’-TTTAAGCTTGGAGTCAATGATGTTGGATTAC-3’ PUAB300-M2926 

MAV_2926 Reverse 5’-TTTAAGCTTCGGTTGACGCCGGTGGGTGGG-3’ PUAB300-M2926 

MAV_2927 Forward 5’-TTTAAGCTTCTCAATGTCATTCGTCACCAC-3’ PUAB300-M2927 

MAV_2927 Reverse 5’-TTTAAGCTTTGACTCCTTAACCAGCCGCGG-3’ PUAB300-M2927 

MAV_2928/29

27/2926 

Forward 5’-TTTGAATTCGGACGACACGGTGTTTGACTTC-3’ PUAB400-

2928/29297/2926 

MAV_2928/29

27/2926 

Reverse 5’-TTTGAATTCCGGTTGACGCCGGTGGGTGGG-3’ PUAB400-

2928/29297/2926 

MAV_2928 (1-

421) 

Forward 5’-TTTGAATTCGGACGACACGGTGTTTGACTTC-3’ PUAB400-M2928 

MAV_2928 (1-

421) 

Reverse 5’-TTTGAATTCGTGTTGAGGTGGGCATGGGCG-3’ PUAB400-M2928 

MAV_2928∆(1

86-421) 

Forward 5’-TTTGAATTCGGACGACACGGTGTTTGACTTC-3’ PUAB400-

M2928∆(186-421) 

MAV_2928∆(1

86-421) 

Reverse 5’-TTTGAATTCTCAGGCGGCCTGGTCGGATTCGC-3’ PUAB400-

M2928∆(186-421) 

MAV2928∆ (1-

179, 326-421) 

Forward 5’-TTTGAATTCCGAATCCGACCAGGCCGCCG-3’ PUAB400-

M2928∆(1-179, 326-

421) 

MAV2928∆ (1-

179, 326-421) 

Reverse 5’-TTTGAATTCTCAGCCCAGATTGCCCAACCCC-3’ PUAB400-

M2928∆(1-179, 326-

421) 

MAV_2928∆(1

-219) 

Forward 5’-TTTGAATTCCACGTCGCAGGCGGCGACGC-3’ PUAB400-

M2928∆(1-219) 

MAV_2928∆(1

-219) 

Reverse 5’-TTTGAATTCGTGTTGAGGTGGGCATGGGCG-3’ PUAB400-

M2928∆(1-219) 

MAV_2928∆(1

-399) 

Forward 5’-TTTGAATTCGGGCTATGTCAACAAATACGG-3’ PUAB400-

M2928∆(1-399) 

MAV_2928∆(1

-399) 

Reverse 5’-TTTGAATTCGTGTTGAGGTGGGCATGGGCG-3’ PUAB400-

M2928∆(1-399) 

MAV_2929 Forward 5’-AAAAAGCTTGGGCCACGCGCAGTGCTACG-3’ PUAB300-M2929 
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MAV_2929 Reverse 5’-AAAAAGCTTCAGTCTTCTTCGAGAATCAGC-3’ PUAB300-M2929 

MAV_2930 Forward 5’-AAAAAGCTTATCGATGTCCGATATCAAGG-3’ PUAB300-M2930 

MAV_2930 Reverse 5’-TTTAAGCTTTCCGGTCATCTGTCGGGGTGC-3’ PUAB300-M2930 

MAV_2931 Forward 5’-AAAAAGCTTGAGCGAAGGCCAATACGGCAC-3’ PUAB300-M2931 

MAV_2931 Reverse 5’-AAAAAGCTTCAGCCCCAGTGCAGCGGCAAC-3’ PUAB300-M2931 

MAV_2932 Forward 5’-AAAAAGCTTGATCAAGCCGGAGAACATCG-3’ PUAB300-M2932 

MAV_2932 Reverse 5’-AAAAAGCTTCGAACTACTTGCGGAATTCGG-3’ PUAB300-M2932 

MAV_2933 Forward 5’-AAAAAGCTTGGCGGAAGAGAGTCGCGGGC-3’ PUAB300-M2933 

MAV_2933 Reverse 5’-TTTAAGCTTTCACTTGGGTACCGCCAACTC-3’ PUAB300-M2933 
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Table 6.3  Primers used to create HRFP and 6X-His fusion vectors 

Gene Primer 

orientation 

Oligonucleotide Vector 

MAV_2928 Forward 5’-TTTAAGCTTACACGGTGTTTGACTTCGGAG-3’ PMV261-

5HRFP-M2928 

MAV_2928 Reverse 5’-TTTAAGCTTGTGTTGAGGTGGGCATGGGCG-3’ PMV261-

5HRFP-M2928 

MAV_2928∆(186-

421) 

Forward 5’-TTTAAGCTTACACGGTGTTTGACTTCGGAG-3’ PMV261-

5HRFP-

M2928∆(186-

421) 

MAV_2928∆(186-

421) 

Reverse 5’-TTTAAGCTTTCAGGCGGCCTGGTCGGATTCGC-3’ PMV261-

5HRFP-

M2928∆(186-

421) 

MAV_2928∆(1-

179, 326-421) 

Forward 5’-TTTAAGCTTGCGAATCCGACCAGGCCGCCG-3’ PMV261-

5HRFP-

M2928∆(1-179, 

326-421) 

MAV_2928∆(1-

179, 326-421) 

Reverse 5’-TTTAAGCTTTCAGCCCAGATTGCCCAACCCC-3’ PMV261-

5HRFP-

M2928∆(1-179, 

326-421) 

MAV_2928∆(1-

219) 

Forward 5’-TTTAAGCTTGCACGTCGCAGGCGGCGACGC-3’ PMV261-

5HRFP-

M2928∆(1-219) 

MAV_2928∆(1-

219) 

Reverse 5’-TTTAAGCTTGTGTTGAGGTGGGCATGGGCG-3’ PMV261-

5HRFP-

M2928∆(1-219) 

MAV_2922/2921 Forward 5’-AAAAAGCTTATAAGGAGACAGCCGAGATGGC-3’ PMV261-

5HRFP-

M2922/21 

MAV_2922/2921 Reverse 5’-AAAAAGCTTCCGCGCCTGAAGTGAAGGCG-3’ PMV261-

5HRFP-

M2922/21 

MAV_2921 Forward 5’-AAAGAATTCAACTGCTGCCGTCCAACAC-3’ PMV261-

M2921 

MAV_2921 Reverse 5’-AAAGAATTCGCCGCGCCTGAAGTGAAGGCG-3’ PMV261-

M2921 
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Table 6.4  Primers used to create vectors used in trypsin protection and biotinylation 

assays. 

Gene Primer 

orientation 

Oligonucleotide Vector 

MAV_2928/2927/29

26 

Forward 5’-

TTTAAGCTTCTGGGTAGCCATGGACTTCGG-

3’ 

PMV6XH-

M2928/2927/292

6 

MAV_2928/2927/29

26 

Reverse 5’-

TTTAAGCTTCGGTTGACGCCGGTGGGTGGG-

3’ 

PMV6XH-

M2928/2927/292

6 

MAV_2928 Forward 5’-

TTTAAGCTTCTGGGTAGCCATGGACTTCGG-

3’ 

PMV6XH-

M2928 

MAV_2928 Reverse 5’-

TTTAAGCTTGTGTTGAGGTGGGCATGGGCG-

3’ 

PMV6XH-

M2928 

MAV_2928∆(201-

421) 

Forward 5’-

TTTAAGCTTCTGGGTAGCCATGGACTTCGG-

3’ 

PMV6XH-

M2928∆(201-

421) 

MAV_2928∆(201-

421) 

Reverse 5’-

TTTAAGCTTTCAGGTCTGTGCGCTGTTGCCG

GC-3’ 

PMV6XH-

M2928∆(201-

421) 

MAV_2928∆(1-179, 

326-421) 

Forward 5’-

AAAAAGCTTCGACCAGGCCGCCGCGGTGGC-

3’ 

PMV6XH-

M2928∆(1-179, 

326-421) 

MAV_2928∆(1-179, 

326-421) 

Reverse 5’-

AAAAAGCTTTCACACACTGCCCAGATTGCCC

AAC-3’ 

PMV6XH-

M2928∆(1-179, 

326-421) 

MAV_2928∆(1-259) Forward 5’-

TTTAAGCTTCAATCCCAGCTTCTACACGGTG-

3’ 

PMV6XH-

M2928∆(1-259) 

MAV_2928∆(1-259) Reverse 5’-

TTTAAGCTTGTGTTGAGGTGGGCATGGGCG-

3’ 

PMV6XH-

M2928∆(1-259) 
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Table 6.5  Real-time PCR primers used in chapter 3 

Gene Primer 

orientation 

Oligonucleotide 

16S RNA  (MAV_1532) Forward 5’-AGATAGGCGTTCCCTTGTGG-3’ 

16S RNA  (MAV_1532) Reverse 5’-TTTGTACCGGCCATTGTAGC-3’ 

RNA Polymerase Alpha 

(MAV_4398) 

Forward 5’-GTGATCGAGCTCTTGGTCTCC-3’ 

RNA Polymerase Alpha 

(MAV_4398) 

Reverse 5’-CACCATGTATCTGCGCAAGC-3’ 

MAV_2926 Forward 5’-CGCCGTTGATTGCGGCGAATC-3’ 

MAV_2926 Reverse 5’-GTTGACGGCACTACCCAGGC-3’ 

MAV_2928 Forward 5’-GTTGTCGGCGGGCACGTCG-3’ 

MAV_2928 Reverse 5’-CAGCTGCGACCAGAACGCCG-3’ 
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Figure 6.6  Peptides identified by mass spectrometry analysis of co-precipitating 

proteins 

Peptide Score Expect Source Protein 

AQAASLEAEHQAIIR 98 7e-007 MAV_2921 

NFQVIYEQANAHGQK 80 7.2e-005 MAV_2921 

SINYQFGDVDAHGALIR 58 0.01 MAV_2921 

VQTAGSNMASTDSAVGSSWA 54 0.016 MAV_2921 

EAEAKLIEAHR 37 0.88 Unknown 

ARLQALAEEEAER 28 10 Unknown 

QPAASDLRLIISISK 26 15 Unknown 
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Figure 6.5  Vector maps of base plasmids used in chapter three.  A.  6X-HIS fusion 

vector.  B.  6X-HIS-mRFP (5HRFP) fusion vector. 
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Appendix 2.2  Chapter 3 Supplemental Information 

 

Table 6.7  Summary list of proteins identified in Chapter four. 

MAV Tag Accession Number Uniprot Annotation 

Tuberculist Functional 

Annotation 

MAV_0013 A0Q8S6_MYCA1 

Peptidyl-prolyl cis-trans 

isomerase Information Pathways 

MAV_0067 A0Q8X9_MYCA1 

Myo-inositol-1-phosphate 

synthase 

Intermediary 

Metabolism and 

Respiration 

MAV_0156 A0Q962_MYCA1 Putative uncharacterized protein Cell Wall Biogenesis 

MAV_0179 A0Q985_MYCA1 Putative uncharacterized protein  Conserved Hypothetical 

MAV_0182 A0Q988_MYCA1 Superoxide dismutase  Virulence 

MAV_0214 A0Q9C0_MYCA1 Antigen 85-A  Lipid Metabolism 

MAV_0215 A0Q9C1_MYCA1 Antigen 85-C  Lipid Metabolism 

MAV_0217 A0Q9C3_MYCA1 Acyl-CoA synthase Lipid Metabolism 

MAV_0453 A0Q9Z7_MYCA1 

Transcriptional regulator, 

Crp/Fnr family protein Regulatory Protein 

MAV_0569 A0QAB1_MYCA1 LpqE protein Cell Wall Biogenesis 

MAV_0705 A0QAP3_MYCA1 Alcohol dehydrogenase B  

Intermediary 

Metabolism and 

Respiration 

MAV_0740 A0QAS7_MYCA1 29 kDa antigen Cfp29 Virulence 

MAV_0755 A0QAU2_MYCA1 SseC protein 

Intermediary 

Metabolism and 

Respiration 

MAV_1012 SERC_MYCA1 

Putative phosphoserine 

aminotransferase  

Intermediary 

Metabolism and 

Respiration 

MAV_1022 A0QBJ2_MYCA1 

Two component response 

transcriptional regulatory protein 

prra  Regulatory Protein 

MAV_1074 SUCC_MYCA1 

Succinyl-CoA ligase [ADP-

forming] subunit beta  

Intermediary 

Metabolism and 

Respiration 

MAV_1075 A0QBP1_MYCA1 

Succinyl-CoA ligase [ADP-

forming] subunit alpha  

Intermediary 

Metabolism and 

Respiration 

MAV_1082 A0QBP8_MYCA1 Putative uncharacterized protein  Unknown 

MAV_1135 A0QBU9_MYCA1 Chain length determinant protein Cell Wall Biogenesis 

MAV_1153 A0QBW5_MYCA1 Retinol dehydrogenase 13  

Intermediary 

Metabolism and 

Respiration 
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MAV_1198 A0QC06_MYCA1 Acetyl-CoA acetyltransferase Lipid Metabolism 

MAV_1215 GLYA_MYCA1 Serine hydroxymethyltransferase 

Intermediary 

Metabolism and 

Respiration 

MAV_1262 METE_MYCA1 

5-

methyltetrahydropteroyltrigluta

mate--homocysteine 

methyltransferase  

Intermediary 

Metabolism and 

Respiration 

MAV_1285 A0QC92_MYCA1 

3-Hydroxyacyl-CoA 

dehydrogenase  

Intermediary 

Metabolism and 

Respiration 

MAV_1380 MDH_MYCA1 Malate dehydrogenase  

Intermediary 

Metabolism and 

Respiration 

MAV_1524 ATPFD_MYCA1 ATP synthase subunit b-delta  

Intermediary 

Metabolism and 

Respiration 

MAV_1525 ATPA_MYCA1 ATP synthase subunit alpha 

Intermediary 

Metabolism and 

Respiration 

MAV_1526 ATPG_MYCA1 ATP synthase gamma chain  

Intermediary 

Metabolism and 

Respiration 

MAV_1527 ATPB_MYCA1 ATP synthase subunit beta 

Intermediary 

Metabolism and 

Respiration 

MAV_1544 A0QCZ2_MYCA1 Acetyl-CoA acetyltransferase Lipid Metabolism 

MAV_1666 A0QDB0_MYCA1 Short-chain dehydrogenase  

Intermediary 

Metabolism and 

Respiration 

MAV_1713 A0QDF2_MYCA1 

ATP-dependent Clp protease 

proteolytic subunit 1  

Intermediary 

Metabolism and 

Respiration 

MAV_1729 RL21_MYCA1 50S ribosomal protein L21  Ribosome 

MAV_1770 RS20_MYCA1 30S ribosomal protein S20  Ribosome 

MAV_2118 HTPG_MYCA1 Chaperone protein htpG  Virulence 

MAV_2169 A0QEP1_MYCA1 Serine esterase cutinase  Cell Wall Biogenesis 

MAV_2192 A0QER3_MYCA1 

3-oxoacyl-[acyl-carrier-protein] 

synthase 1  Lipid Metabolism 

MAV_2193 A0QER4_MYCA1 Acyl carrier protein  Lipid Metabolism 

MAV_2235 A0QEV2_MYCA1 Adenylate cyclase, putative  Conserved Hypothetical 

MAV_2267 A0QEY3_MYCA1 Glutamine synthetase  

Intermediary 

Metabolism and 

Respiration 
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MAV_2273 A0QEY9_MYCA1 

2-oxoglutarate dehydrogenase, 

E2 component, 

dihydrolipoamide 

succinyltransferase  

Intermediary 

Metabolism and 

Respiration 

MAV_2279 A0QEZ5_MYCA1 Probable cytosol aminopeptidase  

Intermediary 

Metabolism and 

Respiration 

MAV_2297 A0QF13_MYCA1 

Putative ubiquinol-cytochrome c 

reductase, iron-sulfur subunit 

QcrA  

Intermediary 

Metabolism and 

Respiration 

MAV_2307 A0QF23_MYCA1 

Putative acyl-CoA 

dehydrogenase  Lipid Metabolism 

MAV_2345 A0QF61_MYCA1 Wag31 protein Cell Wall Biogenesis 

MAV_2412 A0QFC2_MYCA1 Putative uncharacterized protein Cell Wall Biogenesis 

MAV_2471 A0QFH5_MYCA1 

DoxX subfamily protein, 

putative  Unknown 

MAV_2494 A0QFJ8_MYCA1 

Universal stress protein family 

protein  Virulence 

MAV_2505 A0QFK9_MYCA1 Putative uncharacterized protein  Conserved Hypothetical 

MAV_2506 A0QFL0_MYCA1 

Universal stress protein family 

protein  Conserved Hypothetical 

MAV_2753 KATG_MYCA1 Catalase-peroxidase  Virulence 

MAV_2781 A0QGD1_MYCA1 Isocitrate lyase  

Intermediary 

Metabolism and 

Respiration 

MAV_2816 A0QGG5_MYCA1 Antigen 85-B  Lipid Metabolism 

MAV_2819 A0QGG8_MYCA1 

Cyclase/dehydrase superfamily 

protein  Conserved Hypothetical 

MAV_2839 A0QGI8_MYCA1 Alkylhydroperoxide reductase  Virulence 

MAV_2859 A0QGK7_MYCA1 ModD protein  Cell Wall Biogenesis 

MAV_2871 A0QGL9_MYCA1 

6-phosphogluconate 

dehydrogenase, decarboxylating  

Intermediary 

Metabolism and 

Respiration 

MAV_2932 A0QGT0_MYCA1 Ftsk/spoiiie family protein  Cell Wall Biogenesis 

MAV_2964 A0QGW2_MYCA1 Putative uncharacterized protein  Unknown 

MAV_3137 A0QHD3_MYCA1 

Universal stress protein family 

protein, putative  Conserved Hypothetical 

MAV_3294 A0QHT8_MYCA1 

[NADH] enoyl-[acyl-carrier-

protein] reductase  Lipid Metabolism 

MAV_3299 A0QHU3_MYCA1 MoxR protein  Regulatory Protein 

MAV_3303 A0QHU7_MYCA1 Aconitate hydratase 1  

Intermediary 

Metabolism and 

Respiration 

MAV_3340 PGK_MYCA1 Phosphoglycerate kinase  Intermediary 
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Metabolism and 

Respiration 

MAV_3341 A0QHY5_MYCA1 

Glyceraldehyde-3-phosphate 

dehydrogenase, type I  

Intermediary 

Metabolism and 

Respiration 

MAV_3367 A0QI11_MYCA1 LprG protein  Cell Wall Biogenesis 

MAV_3382 METK_MYCA1 S-adenosylmethionine synthase 

Intermediary 

Metabolism and 

Respiration 

MAV_3462 A0QIA6_MYCA1 

Peptidyl-prolyl cis-trans 

isomerase, cyclophilin-type  Information Pathways 

MAV_3615 A0QIQ4_MYCA1 Putative uncharacterized protein  Cell Wall Biogenesis 

MAV_3633 A0QIS1_MYCA1 Putative uncharacterized protein  Virulence 

MAV_3676 PNP_MYCA1 

Polyribonucleotide 

nucleotidyltransferase  Information Pathways 

MAV_3743 EFTS_MYCA1 Elongation factor Ts Information Pathways 

MAV_3744 A0QJ28_MYCA1 30S ribosomal protein S2  Ribosome 

MAV_3759 RL19_MYCA1 50S ribosomal protein L19  Ribosome 

MAV_3770 A0QJ54_MYCA1 

Signal recognition particle 

protein  Cell Wall Biogenesis 

MAV_3813 A0QJ96_MYCA1 Putative uncharacterized protein  Cell Wall Biogenesis 

MAV_3816 Y3816_MYCA1 

Uncharacterized oxidoreductase 

MAV_3816  

Intermediary 

Metabolism and 

Respiration 

MAV_3850 ILVC_MYCA1 Ketol-acid reductoisomerase  

Intermediary 

Metabolism and 

Respiration 

MAV_3875 A0QJE9_MYCA1 

Electron transfer flavoprotein, 

alpha subunit  

Intermediary 

Metabolism and 

Respiration 

MAV_3876 A0QJF0_MYCA1 

Electron transfer protein, beta 

subunit  

Intermediary 

Metabolism and 

Respiration 

MAV_3911 A0QJI5_MYCA1 

NADP-dependent alcohol 

dehydrogenase c  

Intermediary 

Metabolism and 

Respiration 

MAV_4036 NUOD_MYCA1 

NADH-quinone oxidoreductase 

subunit D  

Intermediary 

Metabolism and 

Respiration 

MAV_4070 A0QJY3_MYCA1 Putative uncharacterized protein  Unknown 

MAV_4156 A0QK66_MYCA1 Putative uncharacterized protein  Conserved Hypothetical 

MAV_4211 A0QKB5_MYCA1 Adenosylhomocysteinase  

Intermediary 

Metabolism and 

Respiration 
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MAV_4243 A0QKE6_MYCA1 Acyl-CoA dehydrogenase  Lipid Metabolism 

MAV_4283 A0QKI4_MYCA1 Probable cutinase Cut3  Cell Wall Biogenesis 

MAV_4302 A0QKK1_MYCA1 Transposase  

Insertion Sequences and 

Phages 

MAV_4334 A0QKN2_MYCA1 Nitroreductase family protein 

Intermediary 

Metabolism and 

Respiration 

MAV_4343 A0QKP0_MYCA1 

3-oxoacyl-[acyl-carrier-protein] 

synthase 2 Cell Wall Biogenesis 

MAV_4365 CH601_MYCA1 60 kDa chaperonin 1  Virulence 

MAV_4366 CH10_MYCA1 10 kDa chaperonin  Virulence 

MAV_4394 A0QKU1_MYCA1 

Serine esterase, cutinase family 

protein Cell Wall Biogenesis 

MAV_4398 RPOA_MYCA1 

DNA-directed RNA polymerase 

subunit alpha  Information Pathways 

MAV_4400 RS11_MYCA1 30S ribosomal protein S11  Ribosome 

MAV_4436 A0QKY3_MYCA1 Putative uncharacterized protein  Conserved Hypothetical 

MAV_4451 RS8_MYCA1 30S ribosomal protein S8 Ribosome 

MAV_4462 A0QL09_MYCA1 30S ribosomal protein S17 Ribosome 

MAV_4489 EFTU_MYCA1 Elongation factor Tu  Information Pathways 

MAV_4490 EFG_MYCA1 Elongation factor G  Information Pathways 

MAV_4503 RPOB_MYCA1 

DNA-directed RNA polymerase 

subunit beta  Information Pathways 

MAV_4507 A0QL53_MYCA1 50S ribosomal protein L7/L12  Ribosome 

MAV_4517 A0QL63_MYCA1 

Cyclopropane-fatty-acyl-

phospholipid synthase 1  Lipid Metabolism 

MAV_4583 A0QLC4_MYCA1 Putative uncharacterized protein  Cell Wall Biogenesis 

MAV_4647 A0QLI8_MYCA1 

Cyclopropane-fatty-acyl-

phospholipid synthase 2  Lipid Metabolism 

MAV_4675 A0QLL5_MYCA1 Heparin binding hemagglutinin  Cell Wall Biogenesis 

MAV_4682 A0QLM2_MYCA1 Isocitrate lyase  

Intermediary 

Metabolism and 

Respiration 

MAV_4687 A0QLM7_MYCA1 Dihydrolipoyl dehydrogenase  

Intermediary 

Metabolism and 

Respiration 

MAV_4691 A0QLN1_MYCA1 

Eptc-inducible aldehyde 

dehydrogenase  

Intermediary 

Metabolism and 

Respiration 

MAV_4695 A0QLN4_MYCA1 Putative uncharacterized protein  Conserved Hypothetical 

MAV_4707 CH602_MYCA1 60 kDa chaperonin 2  Virulence 

MAV_4734 A0QLS3_MYCA1 

MarR-family protein regulatory 

protein  Unknown 

MAV_4742 A0QLT1_MYCA1 Putative uncharacterized protein  Unknown 
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MAV_4808 DNAK_MYCA1 Chaperone protein dnaK  Virulence 

MAV_4844 A0QM30_MYCA1 

Glycosyl hydrolases family 

protein 16  

Intermediary 

Metabolism and 

Respiration 

MAV_4891 A0QM74_MYCA1 Acyl-CoA synthase  Lipid Metabolism 

MAV_4909 A0QM92_MYCA1 Succinate dehydrogenase  

Intermediary 

Metabolism and 

Respiration 

MAV_4914 A0QM97_MYCA1 

Putative acyl-CoA 

dehydrogenase  Lipid Metabolism 

MAV_4915 A0QM98_MYCA1 Acetyl-CoA acetyltransferase  Lipid Metabolism 

MAV_4916 A0QM99_MYCA1 

Oxidoreductase, short chain 

dehydrogenase/reductase family 

protein  Lipid Metabolism 

MAV_4963 A0QME6_MYCA1 

Phosphoenolpyruvate 

carboxykinase [GTP] 1  

Intermediary 

Metabolism and 

Respiration 

MAV_4986 A0QMG9_MYCA1 

ErfK/YbiS/YcfS/YnhG family 

protein  Conserved Hypothetical 

MAV_5146 A0QMX5_MYCA1 

Peroxisomal multifunctional 

enzyme type 2 

Intermediary 

Metabolism and 

Respiration 

MAV_5147 A0QMX6_MYCA1 Aldehyde dehydrogenase 

Intermediary 

Metabolism and 

Respiration 

MAV_5298 A0QNC0_MYCA1 

Virulence factor mvin family 

protein Cell Wall Biogenesis 
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Table 6.8  Master negative control list for chapter three. 
MAV Tag Accession Number Uniprot Annotation Mass 

MAV_0068 A0Q8Y0_MYCA1 
Transcriptional regulator, PadR family 
protein 20 kDa 

MAV_0220 A0Q9C5_MYCA1 Propionyl-CoA carboxylase beta chain  57 kDa 

MAV_0275 A0Q9H6_MYCA1 Adenine specific DNA methylase 74 kDa 

MAV_0342 A0Q9P2_MYCA1 Pyruvate carboxylase 120 kDa 

MAV_0555 A0QA97_MYCA1 Protein lsr2 9 kDa 

MAV_0556 A0QA98_MYCA1 

Probable ATP-dependent Clp protease 

ATP-binding subunit 91 kDa 

MAV_1066 A0QBN2_MYCA1 Formamidopyrimidine-DNA glycosylase 30 kDa 

MAV_1089 A0QBQ4_MYCA1 

Carbamoyl-phosphate synthase L chain, 

ATP binding domain  70 kDa 

MAV_1515 RL31_MYCA1 50S ribosomal protein L31 9 kDa 

MAV_1671 A0QDB5_MYCA1 

Acetyl-/propionyl-coenzyme A 

carboxylase alpha chain 72 kDa 

MAV_2291 A0QF07_MYCA1 Cytochrome c oxidase 37 kDa 

MAV_2422 A0QFD0_MYCA1 

Nitrilase/cyanide hydratase and 

apolipoprotein N-acyltransferase 15 kDa 

MAV_2845 A0QGJ3_MYCA1 Putative uncharacterized protein 14 kDa 

MAV_2880 MASZ_MYCA1 Malate synthase G 80 kDa 

MAV_3127 A0QHC3_MYCA1 Translation initiation factor IF-3 19 kDa 

MAV_3386 A0QI30_MYCA1 MihF protein 11 kDa 

MAV_3627 RECA_MYCA1 Protein RecA 37 kDa 

MAV_3835 A0QJB4_MYCA1 Hydrolase, NUDIX family 35 kDa 

MAV_3836 A0QJB5_MYCA1 DNA-binding protein HU 22 kDa 

MAV_3913 A0QJI7_MYCA1 

Ribonucleoside-diphosphate reductase, 

beta subunit  37 kDa 

MAV_4169 A0QK78_MYCA1 Conserved domain protein 8 kDa 

MAV_4204  A0QKA9_MYCA1 S30AE family protein 26 kDa 

MAV_4255 A0QKF8_MYCA1 

Acetyl-/propionyl-coenzyme A 

carboxylase alpha chain 62 kDa 

MAV_4623 A0QLG4_MYCA1 Putative uncharacterized protein 15 kDa 

MAV_4661 A0QLK2_MYCA1 Sensor-like histidine kinase senX3 44 kDa 

 A0QKZ5_MYCA1 30S ribosomal protein S5 23 kDa 

 RL1_MYCA1 50S ribosomal protein L1 25 kDa 

 RL13_MYCA1 50S ribosomal protein L13 16 kDa 

 RL15_MYCA1 50S ribosomal protein L15 16 kDa 

 RL16_MYCA1 50S ribosomal protein L16 16 kDa 

 RL17_MYCA1 50S ribosomal protein L17 20 kDa 

 RL18_MYCA1 50S ribosomal protein L18 13 kDa 

 RL2_MYCA1 50S ribosomal protein L2 30 kDa 

 RL22_MYCA1 50S ribosomal protein L22 19 kDa 

 RL23_MYCA1 50S ribosomal protein L23 11 kDa 

 RL3_MYCA1 50S ribosomal protein L3 23 kDa 

 RL30_MYCA1 50S ribosomal protein L30 8 kDa 

 RL4_MYCA1 50S ribosomal protein L4 23 kDa 

 RL6_MYCA1 50S ribosomal protein L6 19 kDa 

 RS13_MYCA1 30S ribosomal protein S13 14 kDa 

 RS15_MYCA1 30S ribosomal protein S15 10 kDa 
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 RS16_MYCA1 30S ribosomal protein S16 18 kDa 

 RS19_MYCA1 30S ribosomal protein S19 11 kDa 

 RS3_MYCA1 30S ribosomal protein S3 31 kDa 

 RS4_MYCA1 30S ribosomal protein S4 23 kDa 

 RS7_MYCA1 30S ribosomal protein S7 18 kDa 

 RS9_MYCA1 30S ribosomal protein S9 18 kDa 
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Appendix 2.3  Chapter 4 Supplemental Information 

 

Table 6.8  Summary list of proteins identified in chapter four 

MAV Tag Accession Number Uniprot Annotation Mass 

MAV_0005 A0Q8S0_MYCA1 DNA gyrase subunit B 75 kDa 

MAV_0006 A0Q8S1_MYCA1 DNA gyrase, A subunit  92 kDa 

MAV_0019 A0Q8T2_MYCA1 Serine/threonine protein kinases Drp72  45 kDa 

MAV_0023 A0Q8T6_MYCA1 FHA domain protein  14 kDa 

MAV_0134 A0Q941_MYCA1 Putative uncharacterized protein  32 kDa 

MAV_0156 A0Q962_MYCA1 Putative uncharacterized protein 34 kDa 

MAV_0159 A0Q965_MYCA1 Putative conserved membrane protein  57 kDa 

MAV_0179 A0Q985_MYCA1 Putative uncharacterized protein  24 kDa 

MAV_0182 A0Q988_MYCA1 Superoxide dismutase  23 kDa 

MAV_0209 A0Q9B5_MYCA1 

Bifunctional udp-galactofuranosyl transferase 

glft 70 kDa 

MAV_0214 A0Q9C0_MYCA1 Antigen 85-A  36 kDa 

MAV_0215 A0Q9C1_MYCA1 Antigen 85-C  31 kDa 

MAV_0217 A0Q9C3_MYCA1 Acyl-CoA synthase  69 kDa 

MAV_0225 A0Q9D0_MYCA1 Probable arabinosyltransferase C  116 kDa 

MAV_0406 A0Q9V3_MYCA1 Glycerol kinase  55 kDa 

MAV_0453 A0Q9Z7_MYCA1 

Transcriptional regulator, Crp/Fnr family 

protein  25 kDa 

MAV_0462 A0QA06_MYCA1 Acetyl-coenzyme A synthetase  71 kDa 

MAV_0467 A0QA11_MYCA1 ABC transporter, ATP-binding protein DppD  60 kDa 

MAV_0502 A0QA45_MYCA1 Putative uncharacterized protein  11 kDa 

MAV_0529 A0QA71_MYCA1 

D-alanyl-D-alanine carboxypeptidase/D-

alanyl-D-alanine-endopeptidase 46 kDa 

MAV_0542 A0QA84_MYCA1 ATP-dependent metallopeptidase HflB 86 kDa 

MAV_0566 A0QAA8_MYCA1 Putative uncharacterized protein 28 kDa 

MAV_0569 A0QAB1_MYCA1 LpqE protein 19 kDa 

MAV_0574 Y574_MYCA1 

Uncharacterized tRNA/rRNA 

methyltransferase MAV_0574-

GN=MAV_0574   32 kDa 

MAV_0680 A0QAM1_MYCA1 Putative uncharacterized protein  32 kDa 

MAV_0937 A0QBB0_MYCA1 Putative uncharacterized protein 20 kDa 

MAV_0949 A0QBC2_MYCA1 Virulence factor Mce family protein 36 kDa 

MAV_1007 A0QBH7_MYCA1 Putative uncharacterized protein 31 kDa 

MAV_1062 A0QBM9_MYCA1 Stas domain protein 25 kDa 

MAV_1082 A0QBP8_MYCA1 Putative uncharacterized protein  19 kDa 

MAV_1103 A0QBR8_MYCA1 Molybdopterin biosynthesis protein moeA 45 kDa 

MAV_1135 A0QBU9_MYCA1 Chain length determinant protein 51 kDa 

MAV_1153 A0QBW5_MYCA1 Retinol dehydrogenase 13  31 kDa 

MAV_1214 A0QC22_MYCA1 Pantothenate kinase 34 kDa 
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MAV_1241 A0QC48_MYCA1 Putative uncharacterized protein  15 kDa 

MAV_1380 MDH_MYCA1 Malate dehydrogenase-GN=mdh   35 kDa 

MAV_1445 A0QCQ0_MYCA1 Putative uncharacterized protein 10 kDa 

MAV_1514 A0QCW4_MYCA1 Transcription termination factor Rho-GN=rho   64 kDa 

MAV_1515 RL31_MYCA1 50S ribosomal protein L31-GN=rpmE   9 kDa 

MAV_1525 ATPA_MYCA1 ATP synthase subunit alpha-GN=atpA   60 kDa 

MAV_1526 ATPG_MYCA1 ATP synthase gamma chain-GN=atpG   34 kDa 

MAV_1527 ATPB_MYCA1 ATP synthase subunit beta-GN=atpD   53 kDa 

MAV_1650 A0QD96_MYCA1 Fatty acid synthase-GN=MAV_1650   328 kDa 

MAV_1655 A0QDA0_MYCA1 

Putative uncharacterized protein-

GN=MAV_1655   8 kDa 

MAV_1687 A0QDD0_MYCA1 

Acyltransferase family protein-

GN=MAV_1687   62 kDa 

MAV_1695 A0QDD6_MYCA1 

ABC-transporter protein, ATP binding 

component-GN=MAV_1695   62 kDa 

MAV_1705 A0QDE5_MYCA1 

Putative uncharacterized protein-

GN=MAV_1705   16 kDa 

MAV_1713 A0QDF2_MYCA1 

ATP-dependent Clp protease proteolytic 

subunit 1-GN=clpP   22 kDa 

MAV_1714 A0QDF3_MYCA1 

ATP-dependent Clp protease proteolytic 

subunit 2-GN=clpP   23 kDa 

MAV_1723 A0QDG2_MYCA1 Saccharopine dehydrogenase-GN=MAV_1723   44 kDa 

MAV_1728 A0QDG7_MYCA1 Rne protein-GN=MAV_1728   102 kDa 

MAV_1729 RL21_MYCA1 50S ribosomal protein L21-GN=rplU   11 kDa 

MAV_2043 A0QEC3_MYCA1 

Superoxide dismutase [Cu-Zn]-

GN=MAV_2043   20 kDa 

MAV_2175 A0QEP7_MYCA1 

Putative uncharacterized protein-

GN=MAV_2175   12 kDa 

MAV_2191 A0QER2_MYCA1 

3-oxoacyl-[acyl-carrier-protein] synthase 2-

GN=MAV_2191   43 kDa 

MAV_2193 A0QER4_MYCA1 Acyl carrier protein-GN=MAV_2193   12 kDa 

MAV_2279 A0QEZ5_MYCA1 Probable cytosol aminopeptidase-GN=pepA   53 kDa 

MAV_2296 A0QF12_MYCA1 Cytochrome b6-GN=MAV_2296   62 kDa 

MAV_2297 A0QF13_MYCA1 

Putative ubiquinol-cytochrome c reductase, 

iron-sulfur subunit QcrA-GN=MAV_2297   44 kDa 

MAV_2307 A0QF23_MYCA1 

Putative acyl-CoA dehydrogenase-

GN=MAV_2307   65 kDa 

MAV_2327 MRAZ_MYCA1 Protein MraZ-GN=mraZ   16 kDa 

MAV_2345 A0QF61_MYCA1 Wag31 protein-GN=MAV_2345   27 kDa 

MAV_2376 A0QF89_MYCA1 Short chain dehydrogenase-GN=MAV_2376   32 kDa 

MAV_2397 A0QFA9_MYCA1 PimT protein-GN=MAV_2397   31 kDa 

MAV_2406 PAFA_MYCA1 Pup--protein ligase-GN=pafA   51 kDa 

MAV_2471 A0QFH5_MYCA1 

DoxX subfamily protein, putative-

GN=MAV_2471   36 kDa 



 184 

MAV_2523 A0QFM7_MYCA1 

Putative uncharacterized protein-

GN=MAV_2523   22 kDa 

MAV_2759 A0QGB0_MYCA1 

Serine esterase, cutinase family protein-

GN=MAV_2759   19 kDa 

MAV_2778 A0QGC8_MYCA1 

Putative uncharacterized protein-

GN=MAV_2778   17 kDa 

MAV_2816 A0QGG5_MYCA1 Antigen 85-B-GN=MAV_2816   35 kDa 

MAV_2819 A0QGG8_MYCA1 

Cyclase/dehydrase superfamily protein-

GN=MAV_2819   17 kDa 

MAV_2859 A0QGK7_MYCA1 ModD protein-GN=MAV_2859   38 kDa 

MAV_2905 A0QGQ3_MYCA1 Ppe family protein-GN=MAV_2905   46 kDa 

MAV_2906 A0QGQ4_MYCA1 Ppe family protein-GN=MAV_2906   40 kDa 

MAV_2909 A0QGQ7_MYCA1 PPE family protein-GN=MAV_2909   47 kDa 

MAV_2910 A0QGQ8_MYCA1 Ppe family protein-GN=MAV_2910   41 kDa 

MAV_2917 A0QGR5_MYCA1 

Putative uncharacterized protein-

GN=MAV_2917   44 kDa 

MAV_2919 A0QGR7_MYCA1 Secretion protein Snm4-GN=snm   53 kDa 

MAV_2923 A0QGS1_MYCA1 Excalibur protein-GN=MAV_2923   6 kDa 

MAV_2933 A0QGT1_MYCA1 

Putative uncharacterized protein-

GN=MAV_2933   53 kDa 

MAV_2960 A0QGV8_MYCA1 

Transcriptional regulator, TetR family protein-

GN=MAV_2960   25 kDa 

MAV_2964 A0QGW2_MYCA1 

Putative uncharacterized protein-

GN=MAV_2964   20 kDa 

MAV_3070 A0QH66_MYCA1 Tyrosine recombinase XerD-GN=xerD   34 kDa 

MAV_3128 LYSX_MYCA1 

Lysylphosphatidylglycerol biosynthesis 

bifunctional protein LysX-GN=lysX  SV=2 129 kDa 

MAV_3137 A0QHD3_MYCA1 

Universal stress protein family protein, 

putative-GN=MAV_3137   14 kDa 

MAV_3188 A0QHI3_MYCA1 

Putative uncharacterized protein-

GN=MAV_3188   15 kDa 

MAV_3208 A0QHK2_MYCA1 NlpC/P60 family protein-GN=MAV_3208   30 kDa 

MAV_3226 A0QHM0_MYCA1 Possible ketoacyl reductase-GN=MAV_3226   28 kDa 

MAV_3227 A0QHM1_MYCA1 

Oxidoreductase, short-chain 

dehydrogenase/reductase family protein-

GN=MAV_3227   36 kDa 

MAV_3341 A0QHY5_MYCA1 

Glyceraldehyde-3-phosphate dehydrogenase, 

type I-GN=gap   36 kDa 

MAV_3357 WHIA_MYCA1 

Putative sporulation transcription regulator 

whiA-GN=whiA  SV=2 35 kDa 

MAV_3362 A0QI06_MYCA1 

Putative uncharacterized protein-

GN=MAV_3362   12 kDa 

MAV_3367 A0QI11_MYCA1 LprG protein-GN=MAV_3367   24 kDa 

MAV_3382 METK_MYCA1 S-adenosylmethionine synthase-GN=metK   43 kDa 



 185 

MAV_3451 A0QI94_MYCA1 

Metallopeptidase, zinc binding-

GN=MAV_3451   31 kDa 

MAV_3462 A0QIA6_MYCA1 

Peptidyl-prolyl cis-trans isomerase, 

cyclophilin-type-GN=MAV_3462   31 kDa 

MAV_3467 A0QIB1_MYCA1 Protein export protein SecF-GN=MAV_3467   46 kDa 

MAV_3468 A0QIB2_MYCA1 

Protein-export membrane protein SecD-

GN=secD   63 kDa 

MAV_3594 A0QIN3_MYCA1 Polyphosphate glucokinase-GN=MAV_3594   28 kDa 

MAV_3615 A0QIQ4_MYCA1 

Putative uncharacterized protein-

GN=MAV_3615   76 kDa 

MAV_3655 A0QIU4_MYCA1 

Oxidoreductase, short chain 

dehydrogenase/reductase family protein-

GN=MAV_3655   27 kDa 

MAV_3676 PNP_MYCA1 

Polyribonucleotide nucleotidyltransferase-

GN=pnp   80 kDa 

MAV_3743 EFTS_MYCA1 Elongation factor Ts-GN=tsf   29 kDa 

MAV_3744 A0QJ28_MYCA1 30S ribosomal protein S2-GN=rpsB   30 kDa 

MAV_3770 A0QJ54_MYCA1 Signal recognition particle protein-GN=ffh   54 kDa 

MAV_3813 A0QJ96_MYCA1 

Putative uncharacterized protein-

GN=MAV_3813   27 kDa 

MAV_3840 A0QJB9_MYCA1 

Pyridoxamine 5'-phosphate oxidase family 

protein-GN=MAV_3840   19 kDa 

MAV_3908 A0QJI2_MYCA1 Cytochrome c oxidase, subunit I-GN=ctaD   60 kDa 

MAV_3910 A0QJI4_MYCA1 Periplasmic binding protein-GN=MAV_3910   37 kDa 

MAV_3919 A0QJJ3_MYCA1 

Ribonucleoside-diphosphate reductase-

GN=MAV_3919   80 kDa 

MAV_4003 A0QJR8_MYCA1 

Cell division ATP-binding protein FtsE-

GN=ftsE   26 kDa 

MAV_4042 A0QJV6_MYCA1 

NADH dehydrogenase subunit j-

GN=MAV_4042   28 kDa 

MAV_4093 A0QK04_MYCA1 Pyruvate decarboxylase-GN=MAV_4093   65 kDa 

MAV_4098 A0QK09_MYCA1 Aldo/keto reductase-GN=MAV_4098   35 kDa 

MAV_4130 A0QK41_MYCA1 

Immunogenic protein MPT64-

GN=MAV_4130   27 kDa 

MAV_4156 A0QK66_MYCA1 

Putative uncharacterized protein-

GN=MAV_4156   9 kDa 

MAV_4195 A0QKA2_MYCA1 Polyphosphate kinase 2-GN=MAV_4195   33 kDa 

MAV_4274 A0QKH6_MYCA1 PPE family protein-GN=MAV_4274   39 kDa 

MAV_4283 A0QKI4_MYCA1 Probable cutinase Cut3-GN=MAV_4283   19 kDa 

MAV_4313 A0QKL2_MYCA1 

Isocitrate dehydrogenase [NADP]-

GN=MAV_4313   83 kDa 

MAV_4325 A0QKM3_MYCA1 

ABC transporter, ATP-binding protein-

GN=MAV_4325   91 kDa 

MAV_4365 CH602_MYCA1 60 kDa chaperonin 2-GN=groL2   57 kDa 
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MAV_4366 CH10_MYCA1 10 kDa chaperonin-GN=groS   11 kDa 

MAV_4380 A0QKS7_MYCA1 

Putative uncharacterized protein-

GN=MAV_4380   29 kDa 

MAV_4394 A0QKU1_MYCA1 

Serine esterase, cutinase family protein-

GN=MAV_4394   29 kDa 

MAV_4398 RPOA_MYCA1 

DNA-directed RNA polymerase subunit alpha-

GN=rpoA   38 kDa 

MAV_4400 RS11_MYCA1 30S ribosomal protein S11-GN=rpsK   15 kDa 

MAV_4451 RS8_MYCA1 30S ribosomal protein S8-GN=rpsH  SV=2 14 kDa 

MAV_4453 RL5_MYCA1 50S ribosomal protein L5-GN=rplE   21 kDa 

MAV_4455 RL14_MYCA1 50S ribosomal protein L14-GN=rplN   13 kDa 

MAV_4462 A0QL09_MYCA1 30S ribosomal protein S17-GN=rpsQ   13 kDa 

MAV_4472 RS10_MYCA1 30S ribosomal protein S10-GN=rpsJ   11 kDa 

MAV_4487 A0QL34_MYCA1 

Putative uncharacterized protein-

GN=MAV_4487   30 kDa 

MAV_4489 EFTU_MYCA1 Elongation factor Tu-GN=tuf   44 kDa 

MAV_4496 A0QL42_MYCA1 

Putative uncharacterized protein-

GN=MAV_4496   14 kDa 

MAV_4504 A0QL50_MYCA1 

ABC transporter, ATP-binding protein-

GN=MAV_4504   37 kDa 

MAV_4508 RL10_MYCA1 50S ribosomal protein L10-GN=rplJ   20 kDa 

MAV_4514 A0QL60_MYCA1 ABC1 family protein-GN=MAV_4514   49 kDa 

MAV_4583 A0QLC4_MYCA1 

Putative uncharacterized protein-

GN=MAV_4583   14 kDa 

MAV_4595 A0QLD6_MYCA1 

Mycobacterial family protein 11 protein-

GN=MAV_4595   16 kDa 

MAV_4597 A0QLD8_MYCA1 Short chain dehydrogenase-GN=MAV_4597   32 kDa 

MAV_4606 A0QLE7_MYCA1 

Putative uncharacterized protein-

GN=MAV_4606   57 kDa 

MAV_4649 A0QLJ0_MYCA1 

NAD dependent epimerase/dehydratase family 

protein-GN=MAV_4649   41 kDa 

MAV_4671 A0QLL1_MYCA1 

Putative uncharacterized protein-

GN=MAV_4671   37 kDa 

MAV_4675 A0QLL5_MYCA1 

Heparin binding hemagglutinin hbha-

GN=MAV_4675   22 kDa 

MAV_4695 A0QLN4_MYCA1 

Putative uncharacterized protein-

GN=MAV_4695   14 kDa 

MAV_4713 PSD_MYCA1 

Phosphatidylserine decarboxylase proenzyme-

GN=psd   25 kDa 

MAV_4792 A0QLY1_MYCA1 

Putative uncharacterized protein-

GN=MAV_4792   33 kDa 

MAV_4817 A0QM04_MYCA1 Ferredoxin, 4Fe-4S-GN=MAV_4817   105 kDa 

MAV_4844 A0QM30_MYCA1 

Glycosyl hydrolases family protein 16-

GN=MAV_4844   30 kDa 
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MAV_4891 A0QM74_MYCA1 Acyl-CoA synthase-GN=MAV_4891   61 kDa 

MAV_4909 A0QM92_MYCA1 Succinate dehydrogenase-GN=MAV_4909   71 kDa 

MAV_4915 A0QM98_MYCA1 

Acetyl-CoA acetyltransferase-

GN=MAV_4915   45 kDa 

MAV_4916 A0QM99_MYCA1 

Oxidoreductase, short chain 

dehydrogenase/reductase family protein-

GN=MAV_4916   47 kDa 

MAV_4917 A0QMA0_MYCA1 MaoC like domain protein-GN=MAV_4917   30 kDa 

MAV_4942 A0QMC5_MYCA1 

Putative uncharacterized protein-

GN=MAV_4942   45 kDa 

MAV_4986 A0QMG9_MYCA1 

ErfK/YbiS/YcfS/YnhG family protein-

GN=MAV_4986   35 kDa 

MAV_5027 A0QMK9_MYCA1 

Type I restriction-modification system, M 

subunit-GN=MAV_5027   55 kDa 

MAV_5146 A0QMX5_MYCA1 

Peroxisomal multifunctional enzyme type 2-

GN=MAV_5146   30 kDa 

MAV_5147 A0QMX6_MYCA1 Aldehyde dehydrogenase-GN=MAV_5147   51 kDa 

MAV_5183 A0QN12_MYCA1 Antigen 85-C-GN=MAV_5183   38 kDa 

MAV_5285 A0QNA8_MYCA1 

Putative uncharacterized protein-

GN=MAV_5285   52 kDa 

MAV_5298 A0QNC0_MYCA1 

Virulence factor mvin family protein-

GN=MAV_5298   126 kDa 
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Appendix 3.1  Abstract of Harriff, et al. 

Mycobacterium avium Genes MAV_5138 and MAV_3679 Are Transcriptional 

Regulators That Play a Role in Invasion of Epithelial Cells, in Part by Their 

Regulation of CipA, a Putative Surface Protein Interacting with Host Cell Signaling 

Pathways 

 

Melanie J. Harriff, Lia Danelishvili, Martin Wu, Cara Wilder, Michael McNamara, 

Michael L. Kent, and Luiz E. Bermudez. 

Journal of Bacteriology, Feb. 2009, p. 1132–1142 Vol. 191, No. 4. 

 

The Mycobacterium avium complex (MAC) is an important group of opportunistic 

pathogens for birds, cattle, swine, and immunosuppressed humans. Although 

invasion of epithelial cells lining the intestine is the chief point of entry for these 

organisms, little is known about the mechanisms by which members of the MAC are 

taken up by these cells. Studies with M. avium have shown that cytoskeletal 

rearrangement via activation of the small G-protein Cdc42 is involved and that this 

activation is regulated in part by the M. avium fadD2 gene.  The fadD2 gene 

indirectly regulates a number of genes upon exposure to HEp-2 cells, including 

transcriptional regulators, membrane proteins, and secreted proteins.  Over-

expression of two fadD2-associated regulators (MAV_5138 and MAV_3679) led to 
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increased invasion of HEp-2 cells, as well as altered expression of other genes.  The 

protein product of one of the regulated genes, named CipA, has domains that 

resemble the PXXP motif of human Piccolo proteins, which bind SH3 domains in 

proteins involved in the scaffold complex formed during cytoskeletal rearrangement.  

Although CipA was not detected in the cytoplasm of HEp-2 cells exposed to M. 

avium, the recombinant protein was shown to be potentially expressed on the surface 

of Mycobacterium smegmatis incubated with HEp-2 cells and, possibly, to interact 

with human Cdc42.  The interaction was then confirmed by showing that CipA 

activates Cdc42.  These results suggest that members of the M. avium complex have 

a novel mechanism for activating cytoskeletal rearrangement, prompting uptake by 

host epithelial cells, and that this mechanism is regulated in part by fadD2, 

MAV_5138, and MAV_3679. 
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Appendix 3.2  Abstract of Danelishvili, et al. 

Inhibition of the Plasma-Membrane-Associated Serine Protease Cathepsin G by 

Mycobacterium tuberculosis Rv3364c Suppresses Caspase-1 and Pyroptosis in 

Macrophages 

 

Lia Danelishvili, Jamie L. Everman, Michael J. McNamara, and Luiz E. Bermudez. 

Frontiers in Microbiology, Dec. 2011; p. 1-14 Vol. 2. 

 

Tuberculosis is a disease associated with the infection of a great part of the world’s 

population and is responsible for the death of two to three million people annually. 

Mycobacterium tuberculosis infects macrophages and subverts its mechanisms of 

killing. The pathogen suppresses macrophage apoptosis by many different 

mechanisms. We describe that, upon uptake by macrophages, M. tuberculosis over-

expresses an operon Rv3361c-Rv3365c and secretes Rv3364c. The Rv3365c 

knockout strain is deficient in apoptosis inhibition. The Rv3364c protein binds to the 

serine protease cathepsin G on the membrane, inhibiting its enzymatic activity and 

the downstream activation of caspase-1-dependent apoptosis. In summary, M. 

tuberculosis prevents macrophage pyroptosis by a novel mechanism involving 

cytoplasmic surveillance proteins. 


